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A B S T R A C T
Sources of elemental carbon (EC) and organic carbon (OC) in atmospheric aerosols (carbonaceous aerosols) were
investigated by collection of weekly aerosol ﬁlter samples at six background sites in Northern Europe (Birkenes,
Norway; Vavihill, Sweden; Risoe, Denmark; Cabauw and Rotterdam in The Netherlands; Melpitz, Germany)
during winter 2013. Analysis of 14C and a set of molecular tracers were used to constrain the sources of EC and
OC. During the four-week campaign, most sites (in particular those in Germany and The Netherlands) were
aﬀected by an episode during the ﬁrst two weeks with high concentrations of aerosol, as continental air masses
were transported westward. The analysis results showed a clear, increasing north to south gradient for most
molecular tracers. Total carbon (TC = OC + EC) at Birkenes showed an average concentration of
0.5 ± 0.3 μg C m−3, whereas the average concentration at Melpitz was 6.0 ± 4.3 μg C m−3. One weekly mean
TC concentration as high as 11 μg C m−3 was observed at Melpitz. Average levoglucosan concentrations varied
by an order of magnitude from 25 ± 13 ng m−3 (Birkenes) to 249 ± 13 ng m−3 (Melpitz), while con-
centrations of tracers of fungal spores (arabitol and mannitol) and vegetative debris (cellulose) were very low,
https://doi.org/10.1016/j.atmosenv.2017.11.005
Received 8 March 2017; Received in revised form 31 October 2017; Accepted 3 November 2017
∗ Corresponding author.
E-mail address: glasius@chem.au.dk (M. Glasius).
Atmospheric Environment 173 (2018) 127–141
Available online 06 November 2017
1352-2310/ © 2017 Elsevier Ltd. All rights reserved.
MARK
showing a minor inﬂuence of primary biological aerosol particles during the North European winter. The
fraction of modern carbon generally varied from 0.57 (Melpitz) to 0.91 (Birkenes), showing an opposite trend
compared to the molecular tracers and TC. Total concentrations of 10 biogenic and anthropogenic carboxylic
acids, mainly of secondary origin, were 4–53 ng m−3, with the lowest concentrations observed at Birkenes and
the highest at Melpitz. However, the highest relative concentrations of carboxylic acids (normalized to TC) were
observed at the most northern sites. Levels of organosulphates and nitrooxy organosulphates varied more than
two orders of magnitude, from 2 to 414 ng m−3, between individual sites and samples. The three sites Melpitz,
Rotterdam and Cabauw, located closest to source regions in continental Europe, showed very high levels of
organosulphates and nitrooxy organosulphates (up to 414 ng m−3) during the ﬁrst two weeks of the study, while
low levels (< 7 ng m−3) were found at all sites except Melpitz during the last week. The large variation in
organosulphate levels probably reﬂects diﬀerences in the presence of acidic sulphate aerosols, known from
laboratory studies to accelerate the formation of these compounds. On average, the ratio of organic sulphate to
inorganic sulphate was 1.5 ± 1.0% (range 0.1–3.4%). Latin-hypercube source apportionment techniques
identiﬁed biomass burning as the major source of OC for all samples at all sites (typically> 40% of TC), while
use and combustion of fossil fuels was the second most important source. Furthermore, EC from biomass burning
accounted for 7–16% of TC, whereas EC from fossil sources contributed to< 2–23% of TC, of which the highest
percentages were observed for low-concentration aerosol samples. Unresolved non-fossil sources (such as
cooking and biogenic secondary organic aerosols) did not account for more than 5–12% of TC. The results
conﬁrm that wood combustion is a major source to OC and EC in Northern Europe during winter.
1. Introduction
Atmospheric aerosol is of concern due to its eﬀects on human health
(Brook et al., 2010; Kelly and Fussell, 2012; Cassee et al., 2013; WHO,
2013) and climate (Stocker et al., 2013). The carbonaceous fraction,
comprising both organic compounds and elemental carbon (EC), has
become increasingly important in e.g. Europe after eﬀective abatement
strategies have reduced emissions of precursors to inorganic aerosol
constituents, such as nitrate and sulphate. Still, there is a lack of un-
derstanding of the sources, chemical composition and properties of the
carbonaceous aerosol (Glasius and Goldstein, 2016). The organic
component is composed of a multitude of compounds with a wide range
of properties regarding e.g. hygroscopicity and surface activity aﬀecting
cloud droplet formation, direct interactions with sun light through
scattering and absorption, as well as toxicity (Hallquist et al., 2009).
Elemental carbon is an important contributor to global warming,
with an estimated total radiative forcing of 1.1 W m−2 (90% un-
certainty range 0.17–2.1 W m−2) (Bond et al., 2013), although recent
studies have cast some uncertainty on these estimates (Samset et al.,
2014). Organic compounds (often measured as organic carbon, OC)
could enhance the light-absorbing capacity of EC by a factor of 2–4
when acting as a coating, known as the lensing eﬀect (Fuller et al.,
1999; Jacobson, 2001; Schnaiter et al., 2005; Bond and Bergstrom,
2006), though ﬁeld studies have shown less absorption enhancement
(Cappa et al., 2012). Increased knowledge of the sources as well as
physical and optical properties of EC is needed both scientiﬁcally and to
implement eﬀective mitigations steps.
The origin of carbonaceous aerosol can be assessed by the 14C/12C
ratio, as recent emissions from non-fossil sources, such as vegetation,
have approximately the same ratio as present-day atmospheric carbon
dioxide, while carbon from processing or combustion of fossil fuels are
devoid of 14C due to radioactive decay, e.g., Heal (2014). Examples of
non-fossil carbonaceous aerosol in the atmosphere are primary biolo-
gical aerosol particles (PBAP) (e.g., pollen, plant debris, fungal spores),
biogenic secondary organic aerosol (BSOA) formed by oxidation of
biogenic volatile organic compounds (BVOC), particles from combus-
tion of biomass and from cooking. To separate the natural and the
anthropogenic fraction of the carbonaceous aerosol, source speciﬁc
molecular tracers, and combinations thereof, are needed to identify and
constrain the contribution from the various sources.
In order to obtain quantitative estimates of major sources of car-
bonaceous aerosol in north-European background areas during winter,
we combined measurements of EC, OC, the 14C/12C ratio and source-
speciﬁc organic tracers, including levoglucosan from wood combustion,
mannitol and arabitol from fungal spores, and cellulose from plant
debris, as well as their emission ratios as input for source apportion-
ment calculations. In addition, the interpretation was supported by
measurements of molecular tracers of both biogenic and anthropogenic
secondary organic aerosols (SOA). Table 1 lists an overview of the
tracers analysed in the present work.
During winter, episodes with elevated concentrations of carbonac-
eous aerosols can occur, caused by stagnant weather conditions com-
bined with high emissions from e.g. residential combustion sources and
long-range transport. Wood combustion for residential heating may
account for 20–80% of the organic aerosol in urban areas in Europe
during winter (Puxbaum et al., 2007; Saarikoski et al., 2008; Favez
et al., 2010), and is a major, but very uncertain, contributor to rural OA
levels (Denier van der Gon et al., 2015). These uncertainties arise lar-
gely from the available emission inventories, which are typically based
upon poorly-constrained information on residential wood combustion
and emission factors, together with problems which the issues of
Table 1
Overview of measured molecular tracers. F14C is fraction of modern carbon in total
carbon (TC), MW is molecular weight. SOA tracers are listed according to their origin,
which is either anthropogenic (A), fatty acid-derived carboxylic acids (FDA), ﬁrst-gen-
eration biogenic acids (1BA) or second-generation biogenic acids (2BA). Relevant refer-
ences are listed in the main text and in Table S1 regarding OS and NOS.
Source Tracer
Biomass burning Levoglucosan, mannosan, galactosan
Primary biological aerosol
particles (PBAP)
Arabitol, mannitol, fructose, glucose, sucrose,
trehalose, cellulose
Contemporary carbon F14C (TC)
Secondary organic aerosol (SOA)
Carboxylic acids Adipic acid (A)a, benzoic acid (A)b, pimelic acid
(A)c, azelaic acid (FDA)d, suberic acid (FDA)d, pinic
acid (1BA)e, pinonic acid (1BA)f, terpenylic acid
(1BA)g, diaterpenylic acid acetate (2BA)h, 3-methyl-
1,2,3-butanetricarboxylic acid (2BA)i
Organosulphates Organosulphates (OS) (MW = 140, 154, 156, 168,
170, 182, 184, 200, 210, 212, 214, 216, 238, 248,
250, 252, 268, 280, 282, 296, 298)
Nitrooxy
organosulphates
Nitrooxy organosulphates (NOS) (MW = 295, 297,
311, 313, 327, 329)
a Hatakeyama et al., 1985.
b Kawamura et al., 1985; Rogge et al., 1993.
c Grosjean et al., 1978.
d Mochida et al., 2003, Rogge et al., 1991.
e Christoﬀersen et al., 1998, Hoﬀmann et al., 1998, Glasius et al., 1999, 2000.
f Hatakeyama et al., 1989, Hoﬀmann et al., 1997.
g Claeys et al., 2009.
h Iinuma et al., 2008; Claeys et al., 2009.
i Szmigielski et al., 2007; Müller et al., 2012.
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condensable VOC cause for even the deﬁnition of PM emissions (Denier
van der Gon et al., 2015; Robinson et al., 2007). Ciarelli et al. (2017)
recently found that residential wood combustion was a source of
52–76% of submicron OA in Europe during winter. Even in megacities,
such as Paris, residential wood combustion is a major contributor to
carbonaceous aerosol in winter, either from regional sources or long-
range transport (Favez et al., 2009; Beekmann et al., 2015).
The monosaccharide anhydrides levoglucosan, mannosan and ga-
lactosan are formed from pyrolysis of cellulose and hemi-celluloses, and
constitute speciﬁc tracers of biomass combustion (Simoneit et al., 1999;
Puxbaum et al., 2007), which have been applied in several previous
studies to investigate the inﬂuence of biomass combustion on aerosol
levels in Northern Europe (e.g., Yttri et al., 2005, 2007b; Glasius et al.,
2008; Saarikoski et al., 2008; Szidat et al., 2009; Genberg et al., 2011).
Major sources of PBAP include plant debris and fungal spores (dry
diameter typically 2–10 μm), in addition to pollen (up to about 30 μm)
and bacteria (about 1 μm) (Deguillaume et al., 2008; Despres et al.,
2012). Globally, fungal spores may constitute as much as 23% of total
primary OC emissions (Heald and Spracklen, 2009). The contribution of
fungal spores (particularly from Asco- and Basidio-mycetes) to atmo-
spheric aerosol can be traced by analysis of the sugar-alcohols mannitol
and arabitol, which are storage substances in fungal spores (Bauer et al.,
2008a, 2008b; Di Filippo et al., 2013). A previous study conducted at
Nordic background sites in summer showed that fungal spore OC con-
tributed 7–15% of the total carbon (TC) mass in PM10 (Yttri et al.,
2011a). Plant debris contains cellulose which can be used as a source-
speciﬁc tracer in aerosols (Puxbaum and Tenze-Kunit, 2003). The
contribution of plant debris organic carbon to TC in PM10 was found to
be 12–18% at Nordic background sites (Yttri et al., 2011a). A two-year
data set of cellulose concentrations in PM2.5 and PM10 ﬁlter samples
collected at six rural or background sites in Europe found that the
contribution of plant debris to organic material amounted to 2–10%
(Sánchez-Ochoa et al., 2007), whereas the contribution of plant debris
OC to TC was 1.5–6% (Gelencsér et al., 2007). Another data set covers
cellulose concentrations determined during periods of wildﬁres in
Portugal (Pio et al., 2008); although absolute concentrations increased
slightly during the periods with intense ﬁres, the contribution to OC
decreased. The diﬀerences between these studies can probably be at-
tributed to diﬀerences in studied size fractions, conversion factors from
C to organic matter, and whether tracers for both plant debris and
fungal spores were included in the analyses. Recently, Bozzetti et al.
(2016) used aerosol ﬁlter sampling combined with oﬀ-line aerosol mass
spectrometry (AMS) and positive matrix factorization (PMF) to show
that during summer, primary biological organic aerosol and SOA made
comparable contributions to PM10 at a rural background site in con-
tinental Europe.
Formation of SOA can be more diﬃcult to trace by molecular tracer
analysis compared to the primary sources, due to the complexity of
organic compounds in primary emissions and their atmospheric pro-
cessing (Nozière et al., 2015; Glasius and Goldstein, 2016). In the
present work, we analysed tracers of monoterpene SOA (e.g., pinic acid,
pinonic acid and terpenylic acid), as well as anthropogenic SOA from
fossil fuel combustion (e.g., benzoic acid). Pinic acid, pinonic acid,
terpenylic acid and are formed from oxidation of α- and β-pinene
(Hatakeyama et al., 1989; Christoﬀersen et al., 1998; Hoﬀmann et al.,
1997, 1998; Glasius et al., 1999, 2000; Claeys et al., 2009), while 3-
methyl-1,2,3-butane-tricarboxylic acid (MBTCA) and diaterpenylic acid
acetate (DTAA) are formed by further oxidation reactions of the initial
products (Szmigielski et al., 2007; Iinuma et al., 2008; Claeys et al.,
2009; Müller et al., 2012). Molecular tracers of anthropogenic SOA
include benzoic acid from photochemical oxidation of aromatic hy-
drocarbons (Kawamura et al., 1985; Rogge et al., 1993), as well as
adipic acid and pimelic acid from ozonolysis of cyclic oleﬁns
(Hatakeyama et al., 1985; Grosjean et al., 1978). Pinene-derived SOA
tracers have been measured in several ﬁeld studies, which were mainly
performed during summer when monoterpene emissions are high (e.g.,
Kourtchev et al., 2008, 2009; Kristensen and Glasius, 2011: Gómez-
González et al., 2012; for a review, see Nozière et al., 2015). The sec-
ondary OC (SOC) contribution from α-pinene was determined for
campaigns in summer 2003 at forested sites in Jülich, Germany
(Kourtchev et al., 2008) and K-puszta, Hungary (Kourtchev et al.,
2009). Use was hereby made of the measured tracer concentrations and
the laboratory-derived tracer mass fractions reported by Kleindienst
et al. (2007) and Lewandowski et al. (2008). It was found that the SOC
contribution to the PM2.5 OC was, on average, 2.4% for the Jülich site
and 4.8% for K-puszta. However, considering that various uncertainties
are associated with the approach of Kleindienst et al. (2007), as also
indicated by these authors, it is estimated that the uncertainty that is
associated with the α-pinene SOC percentage is at least a factor of 2
(Kourtchev et al., 2009).
We also investigated the occurrence of organosulphates (OS) and
nitrooxy organosulphates (NOS) formed from acid-catalysed reactions
of reactive organic compounds with sulphate aerosols (Surratt et al.,
2008). Several precursors of the investigated OS and NOS compounds
are biogenic, being either isoprene or monoterpenes, while other OS
and NOS have unknown or anthropogenic precursors (Riva et al.,
2015). OS have previously been studied in the USA, Europe (Iinuma
et al., 2007; Surratt et al., 2007, 2008; Gómez-González et al., 2008,
2012; Kristensen and Glasius, 2011; Nguyen et al., 2012, 2014;
Martinsson et al., 2017a) and the Arctic (Frossard et al., 2011; Hansen
et al., 2014). The present study comprises the geographically largest
study of OS and NOS to date.
As is clear from the studies cited above, this study is not the ﬁrst to
investigate source-apportionment of organic aerosol in Europe.
However, current knowledge is patchy both in terms of temporal and
spatial resolution. Only very few studies have performed source ap-
portionment of the carbonaceous aerosol for the European rural back-
ground environment based on organic tracers which covers the entire
annual cycle (Gelencsér et al., 2007; Genberg et al., 2011; Gilardoni
et al., 2011). These studies all report the same major ﬁndings; OC from
residential wood burning emissions dominate during the heating season
and SOA originating from biogenic sources is the major fraction of the
carbonaceous aerosol in summer. Studies covering shorter time-periods
(e.g., Szidat et al., 2007; Yttri et al., 2011a,b) support the major ﬁnd-
ings of the long-term studies. In addition, these studies have suggested
that for the northern outskirts of Europe, PBAP are the second most
abundant source to carbonaceous PM10 during the vegetative season.
Furthermore, Maenhaut et al. (2016) applied the PMF technique (EPA
PMF5) to a multi-species data set including a total of 29 variables (i.e.,
PM10 mass, OC, EC, levoglucosan, mannosan, galactosan, 8 water-so-
luble ions and 15 elements) for four urban background sites in Flanders,
Belgium, and found that the average contributions of wood smoke were
quite substantial in winter and ranged from 47 to 64% for PM10 OC. The
contribution from wood burning to the PM10 mass and OC was also
assessed by using levoglucosan as single marker compound and the
conversion factors of Schmidl et al. (2008), as done in a previous study
on wood burning in Flanders (Maenhaut et al., 2012, 2016). However,
the apportionments were much lower than those deduced from PMF,
suggesting that the conversion factors of Schmidl et al. (2008) may not
be applicable to all areas.
EC is typically dominated by fossil fuel sources regardless of season;
however, the contribution from residential wood burning can become
equally large during the heating season and even dominate in certain
regions (Szidat et al., 2007; Zotter et al., 2014). A recent study (Yttri
et al., 2014) showed that EC from residential wood burning, derived
from levoglucosan measurements, could be an important source even in
the remote Arctic environment, accounting for 31–45% of the total EC
observed in winter.
The increasing availability of AMS instruments allows interesting
new approaches to source apportionment. Crippa et al. (2014) pre-
sented results obtained by AMS measurements at 15 rural background
sites and two urban sites during 26 ﬁeld campaigns of the EU EUCAARI
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project (Kulmala et al., 2011), including measurements during spring,
fall and winter. Crippa et al. (2014) used a new PMF technique (ME-2)
to resolve OA into primary sources, i.e., HOA (hydrocarbon-like OA),
COA (cooking OA) and BBOA (biomass-burning OA), and secondary
sources including semi-volatile and low-volatility oxygenated OA (SV-
OOA and LV-OOA). For all sites and seasons, the HOA fraction ac-
counted for 11 ± 5% of the total OA, the BBOA fraction contributed
12 ± 5%, and the vast majority of the OA was attributed to secondary
sources, i.e., SV-OOA (34 ± 11%) and LV-OOA (50 ± 16%). The COA
was not retrieved at any of the rural sites. Using model-based source
apportionment and comparison with PMF analysis of AMS data from 11
sites in Europe, Ciarelli et al. (2017) found that SOA constituted a major
fraction of OA (on average 62%, range 32–88%) during winter, HOA on
average 13%, while BB primary OA was as high as 25%. Although
online-AMS in combination with PMF techniques are very powerful,
they can only address the sub-micron aerosol fraction (typically<
700 nm) and do not provide information on, for example, PBAP
sources. They also cannot distinguish modern from fossil-fuel derived
carbon, being particularly important for the secondary components
(OOA). Filter-based measurements therefore remain an important
source of such information, and indeed the two approaches should be
very complementary. For both AMS and ﬁlter-based approaches, the
major need now is to expand the database of measurements to cover
more sites, seasons and species, in order to provide suﬃcient data for
generally applicable conclusions to be drawn. Such datasets are also
required to serve the needs of model and emissions evaluation
(Bergström et al., 2012; Denier van der Gon et al., 2015).
In line with this need, the aim of the present study is to quantify the
contribution of the most abundant sources of the carbonaceous aerosol
in the rural background environment in Northern Europe during winter.
2. Experimental
2.1. Sampling sites
Aerosol samples (PM10) were collected at ﬁve rural background sites
and one urban background site in Northern Europe (Fig. 1), to represent
various environments regarding area type and proximity to major an-
thropogenic emission sources.
The Birkenes atmospheric research station (BIR, 58° 23′N, 8° 15′E,
190 m above sea level, a.s.l.) is a joint supersite for EMEP (The
European Monitoring and Evaluation Programme) and GAW (Global
Atmospheric Watch) and is situated approximately 20 km from the
Skagerrak coast in southern Norway. The station is located in the boreal
forest with mixed conifer and deciduous trees accounting for 65% of the
land use in the vicinity of the site; the remaining 35% is attributed to
meadow (10%), low-intensity agricultural areas (10%), and freshwater
lakes (15%). The nearest local emission source is the city of
Kristiansand (65 000 inhabitants), located 25 km south/south-west of
the station, which is known to have minor or even negligible inﬂuence
on the air quality at the site.
Risoe (RIS, 55° 41′ N, 12° 07′ E, 12 m a.s.l.) is a semi-rural mon-
itoring station on the Danish island Zealand, located on a small pe-
ninsula by the Roskilde fjord. The surrounding area is characterized by
agricultural land and small villages to the east, and the main road A6
with about 15 800 vehicles per day located within a distance of one km.
The Roskilde Fjord is located to the west of the site and occupies
74 km2. It is the longest fjord in Denmark and propagates 41 km from
North to South. The Risoe station is situated 30 km west of the capital
Copenhagen (1.2 million inhabitants) and 7 km north-east of central
Roskilde (46 000 inhabitants). The station is part of the Danish Air
Quality Monitoring Program.
Vavihill (VAV, 56° 01′ N, 13° 09’ E, 172 m a.s.l.) is a EUSAAR
(European Supersites for Atmospheric Aerosol Research) and EMEP site
situated in Southern Sweden. The surrounding area is dominated by
grassland and pastures (49%), deciduous trees (40%) and farmland
(10%). The site is situated 25–45 km north-east to east of the densely
populated areas of greater Malmö (about 660 000 inhabitants),
Copenhagen and Helsingborg (100 000 inhabitants). An earlier study
by Kristensson et al. (2008) has shown that air masses passing over
these areas are typically more polluted than air masses originating from
other directions.
The Cabauw Experimental Site for Atmospheric Research (CAB) is
situated in the western part of The Netherlands, 44 km from the North
Sea (51° 58′ N, 4° 55’ E, 0.3 m a.s.l.). It is a supersite that hosts several
networks such as GAW, EMEP and the European project ACTRIS
(Aerosols, Clouds, and Trace gases Research InfraStructure Network).
The agriculturally dominated area is located tens of kilometers from
major cities such as Amsterdam, The Hague, Rotterdam, and Utrecht. A
variety of air masses can be encountered, from modiﬁed clean maritime
to continental polluted ones.
Rotterdam (ROT), The Netherlands, is a city with a population of
570 000 inhabitants, situated geographically within the
Rhine–Meuse–Scheldt river delta of the North Sea. The port of
Rotterdam is the largest cargo port in Europe and the 10th largest in the
world. The sampling site is situated on Zwartewaalstraat (51° 54′ N, 4°
29′ E) in the south part of Rotterdam. It is an urban background site
with no direct inﬂuence from the port, highways or industry, and is
managed by the regional environmental agency. The sampling site is
situated 32 km west of the Cabauw rural background site.
The Melpitz (MEL) atmospheric research station (Spindler et al.,
2010, 2013) operated by TROPOS is a rural background site located
4 km south-west of the city of Torgau (20 000 inhabitants) in the glacial
valley of the river Elbe in eastern Germany (12°56′ E, 51°32’ N, 86 m
a.s.l.). The city of Leipzig (550 000 inhabitants) is located about 50 km
to the south-west of the station. The station is situated on a meadow,
surrounded by agricultural land. The dominating wind direction at
Melpitz is south-west, whereas marine air masses reach the site after
crossing the western part of central Europe. Easterly air masses arriving
at Melpitz typically contain low relative humidity and are inﬂuenced by
hot spots of anthropogenic (industrial and domestic) air pollution in
Eastern Europe. The Melpitz site is representative for a large rural area
in Saxony (East and North-East German lowlands). Melpitz is a GAW
regional station and integrated in EMEP and ACTRIS (Aas et al., 2012).
Fig. 1. Map showing the location of the study sites.
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2.2. Sample collection and air mass back-trajectory analysis
Aerosol samples were collected on quartz ﬁbre ﬁlters (Whatman
QM-A; 47 mm), using low-volume ﬁlter samplers (Kleinﬁltergerät or at
Vavihill Leckel SEQ47/50) equipped with a PM10 inlet. The ﬁlters were
all from the same batch and pre-ﬁred at 850 °C for 3 h before they were
distributed to the sites.
The study period was January 11 - February 8, 2013. Each sample
was collected for one week and a total of four aerosol samples were
obtained at each site. After sampling, the ﬁlters were placed in petri-
slide dishes and stored in a freezer at −18 °C until analysis.
Air mass back-trajectories were calculated for every 6 h with the
FLEXTRA trajectory model (Stohl et al., 1995; Stohl and Seibert, 1998;
available at www.nilu.no/trajectories) using meteorological data from
European Centre for Medium Range Weather Forecasts (ECMWF).
2.3. Thermal-optical analysis of TC, OC, and EC
The samples collected at Birkenes, Cabauw, Lille Valby, Melpitz and
Rotterdam were analysed using the Sunset laboratory OC/EC instru-
ment, whereas the OC/EC Thermal Optical Carbon Analyzer from DRI
(Desert Research Institute) was used to analyse the samples from
Vavihill. All samples were analysed according to the EUSAAR-2 pro-
tocol (Cavalli et al., 2010), using transmission to correct for charring of
OC. The performance of the OC/EC instruments has been subject to
intercomparison, either annually as part of the joint EMEP/ACTRIS
quality assurance and quality control, or as part of research studies
(Yttri et al., 2011b).
In order to minimise artefacts on the determination of EC from
charring of high levels of OC, water-extraction of ﬁlters was performed
to remove water-soluble components (Zhang et al., 2012c) before a
second thermal analysis. Ultrapure water with a low total organic
carbon content was passed through the ﬁlters, which were placed in a
plastic ﬁlter holder with the laden side upwards.
2.4. 14C analyses
The 14C content in TC of the collected particles was determined by
accelerator mass spectrometry (Hellborg and Skog, 2008), using the
250 kV single-stage instrument at Lund University (Skog, 2007; Skog
et al., 2010). Prior to analysis, carbon in the aerosol sample was
transformed into graphite according to the procedure described in
Genberg et al. (2010). In brief, the sample was combusted in vacuum,
using CuO as an oxidation agent. The evolved CO2 was puriﬁed cryo-
genically and mixed with H2 in a small-volume reduction reactor and
then heated to 600 °C. In this reaction, CO2 is transformed into graphite
on a heated iron catalyst. The amount of carbon in the samples ranged
from 23 to 150 μg C. OxI was used as primary standard, IAEA-C6 and
IAEA-C7 as secondary standards, and acetanilide as background
(Genberg et al., 2010).
The results of the 14C measurements are presented as F14C, fraction
modern carbon (Reimer et al., 2004). Fossil sources have a F14C value
of 0 due to their large age. A F14C value of 1 represents the 14C content
in atmospheric CO2 in 1950, if human inﬂuences are not taken into
consideration. The real atmospheric 14C content has been altered be-
cause of emissions of CO2 from fossil fuel combustion (the Suess eﬀect)
and new formation of 14C as a result of detonation of thermonuclear
weapons (the bomb eﬀect). The latter eﬀect, which resulted in a peak
with an almost doubled F14C value in 1963, needs to be taken into
account when estimating the F14C value resulting from biogenic carbon
(e.g., plant emissions), as well as from combustion of biomass.
2.5. Cellulose analysis
Free cellulose was determined based on the enzymatic method de-
scribed by Kunit and Puxbaum (1996). Filter punches of 2 cm2 were
extracted with 1.2 mL of a citric acid buﬀer containing thymol (0.05%)
to prevent bacterial growth. Diﬀerent to the method of Kunit and
Puxbaum (1996), the pH of the buﬀer was adjusted to 6.3 to obtain
more suitable conditions for the ﬁnal enzymatic determination of glu-
cose. Cellulose was sacchariﬁed by cellulase and cellobiase for 24 h at
45 °C. After denaturation and centrifugation, the supernatant was
analysed for D-glucose enzymatically using a test kit (D-glucose-HK,
Magazyme). Glucose was phosphorylated to glucose-6-phosphate and
subsequently oxidized by nicotinamide adenine dinucleotide phosphate
(NADP) to gluconate-6-phosphate. The emerging NADPH was quanti-
ﬁed photometrically at 340 nm. The results were corrected for the
samples content of free glucose. The limit of detection of this method is
16 ng m−3 (calculated as three times standard deviation of the blanks
using an average air volume of 386 m³).
2.6. Anhydrosugars, sugar alcohols and sugars
The samples were analysed for anhydrosugars, sugars and sugar-
alcohols by gas chromatography/mass spectrometry (GC/MS). The
anhydrosugars measured were levoglucosan, mannosan and galactosan;
the sugars were glucose, fructose, sucrose and trehalose; and the sugar-
alcohols arabitol and mannitol. The method was similar to that de-
scribed in Pashynska et al. (2002), but the extraction was done with
methanol instead of dichloromethane-methanol (80:20, v/v), a dif-
ferent recovery standard was used, and the GC temperature program
was modiﬁed.
A punch of the quartz ﬁbre ﬁlter sample (usually a single 1.0 cm2
punch) was used for the extraction. Prior to the extraction the internal
recovery standard methyl O-L-xylanopyranoside was added (typically
510 ng). The ﬁlter punch was then extracted three times, each time
during 5 min with 10 mL methanol, using ultrasonic agitation in a
25 mL Pyrex glass ﬂask with a Teﬂon-lined stopper. The combined
extracts were reduced with a rotary evaporator (213 hPa, 35 °C) to
about 1 mL. The concentrated extract was then ﬁltered through a Teﬂon
syringe ﬁlter (0.45 μm) and completely dried under a nitrogen stream.
Subsequently, a derivatisation was carried out; hereto 40 μL N,O-bis
(trimethylsilyl)triﬂuoroacetamide with 1% trimethyl-chlorosilane was
added to the dried sample, and the mixture reacted during 60 min at
70 °C. 1 μL of the solution obtained was then immediately analysed by
GC/MS. For the derivatisation of calibration mixtures with the mea-
sured compounds and the internal recovery standard, the same proce-
dure was applied with derivatisation and analysing 1 μL of the 40 μL
solution, but no ﬁlter punch, no extraction, and no evaporation were
done.
The GC/MS system consists of a TRACE GC2000 gas chromatograph
and a Polaris Q ion trap mass spectrometer equipped with an external
electron ionisation source (Thermo Scientiﬁc, San Jose, CA, USA). Data
acquisition and processing were done with the Xcalibur version 1.4
software (Thermo Scientiﬁc). The GC was provided with a deactivated
silica pre-column (2 m × 0.25 mm i.d.) and an ATTM-5ms “low-bleed”
capillary column (95% dimethyl-, 5% phenylpolysiloxane, 0.25 μm ﬁlm
thickness, 30 m× 0.25 mm i.d.) (Alltech, Deerﬁeld, IL, USA). The split/
splitless injector was used in the splitless mode (splitless time: 0.5 min)
at 250 °C. Helium at a ﬂow rate of 1.1 mL min−1 was used as carrier
gas. The temperature of the transfer line was 280 °C. The GC tem-
perature program was as follows: initial temperature of 100 °C, kept for
2 min, followed by a gradient of 3 °C min−1 to 200 °C, kept constant for
2 min, then a gradient of 30 °C min−1 to 310 °C, after which the ﬁnal
temperature was maintained for 2 min. The total GC/MS analysis time
was 43 min.
Electron ionisation (EI) was carried out at 70 eV and an ion source
temperature of 200 °C. The m/z values for the analytes and the recovery
standard were as follows: Recovery standard, levoglucosan, mannosan,
galactosan: 217; arabitol, mannitol, 319; fructose, glucose: 217; su-
crose, trehalose: 361.
For the quantiﬁcation of the monosaccharide anhydrides calibration
M. Glasius et al. Atmospheric Environment 173 (2018) 127–141
131
curves of 8 points were made in the following ranges (the quantities
given are those in the 40 μL derivatisation solution; of this solution 1 μL
was analysed by GC/MS): levoglucosan, 20–2000 ng; mannosan,
2–200 ng; galactosan, 1–100 ng; arabitol, 1–100 ng; mannitol,
1–100 ng; fructose, 2–200 ng; glucose, 1–100 ng; sucrose, 5–500 ng;
trehalose, 5–500 ng. The precision of the method for the individual
monosaccharide anhydrides in real aerosol ﬁlter samples is estimated to
be between 5 and 10%.
2.7. Analysis for SOA tracers
Each sample was analysed for three types of SOA tracers: organic
acids, organosulphates, and nitrooxy organosulphates, generally fol-
lowing previously published methods (Kristensen and Glasius, 2011;
Hansen et al., 2014). For this analysis between 0.75 and 1 cm2 of the
collected ﬁlter samples were used. The ﬁlter punch was placed in a
preparation vial and spiked with 8 μL of a 50 μg/mL recovery standard
(camphoric acid) to monitor the extraction eﬃciency. The ﬁlter punch
was covered with 2 mL of a 50:50 acetonitrile-methanol extraction
solution and extracted using a cooled ultrasonic bath for 30 min. The
extract was ﬁltered through a Teﬂon ﬁlter with a pore size of 22 μm
(Chromaﬁl) and was evaporated to dryness under a N2 ﬂow. The sample
was re-dissolved in 200 μL MilliQ water with 10% acetonitrile and 0.1%
acetic acid.
All sample extracts were analysed on an ultra-high performance li-
quid chromatograph (UHPLC, Dionex), coupled to a quadrupole time-
of-ﬂight mass spectrometer (q-TOF-MS, Bruker Daltonics) through an
electrospray ionisation inlet (ESI).
The UHPLC stationary phase was an Acquity T3 1.8 μm
(2.1 × 100 mm) column from Waters and the mobile phase consisted of
eluent A: 0.1% acetic acid in MilliQ water and eluent B: acetonitrile
with 0.1% acetic acid. The operational eluent ﬂow was 0.3 mL/min and
an 18 min multistep gradient was applied: From 1 min to 10 min, eluent
B increased from 3% to 30%. Then over 1 min, eluent B increased to
90% where it was held for 1 min. During the following 0.5 min, eluent B
increased to 95% and was held for 3.5 min before being reduced back to
3% over 0.5 min and held there for the remaining 0.5 min of the ana-
lysis.
The ESI-q-TOF-MS was operated in negative ionisation mode with a
nebuliser pressure of 3.0 bar, a dry gas ﬂow of 8 L/min, source voltage
3.5 kV and collision energy 6 eV. The data were acquired and processed
using Bruker Compass software.
The organic acids were identiﬁed and quantiﬁed using authentic
standards. Organosulphates and nitrooxy organosulphates were iden-
tiﬁed from the presence of HSO4− (m/z 97) and the neutral loss of SO3
(80 u) and an additional neutral loss of HNO3 (63 u) in the case of
nitrooxy organosulphates (Surratt et al., 2007). Due to the lack of au-
thentic standards, most organosulphates and nitrooxy organosulphates
were determined using surrogate standards of an authentic β-pinene
organosulphate with MW 250 (synthesised in-house according to
Iinuma et al., 2009), octyl sulphate sodium salt (≥95% Sigma-Aldrich)
and D-mannose-6-sulphate sodium salt (≥90% Sigma-Aldrich). The
surrogate standard chosen for quantiﬁcation of the individual com-
pounds was decided based on similar retention times in the UHPLC-q-
TOF-MS system, as described by Nguyen et al. (2014).
A linear relation between peak area and concentration was estab-
lished and applied for quantiﬁcation of β-pinene organosulphate MW
250, D-mannose-6-sulphate, diaterpenylic acid acetate (DTAA), octyl
sulphate, pinic acid, and terpenylic acid. A quadratic relation between
peak area and concentration was established and applied for quantiﬁ-
cation of adipic acid, azelaic acid, benzoic acid, camphoric acid (re-
covery standard), MBTCA, phthalic acid, pimelic acid, pinonic acid, and
suberic acid. The correlation coeﬃcients R2 of all calibration curves
were better than 0.99 (n = 7 data points) except for octyl sulphate,
which had a correlation coeﬃcient of 0.93. The detection limits of all
compounds fell within the interval of 0.004–0.016 ng m−3. The results
were corrected according to the response of the recovery standard
(53 ± 15%), and the overall uncertainty was estimated to be 30%.
Supplemental Information (SI) Table 1 presents an overview of detected
organosulphates and nitrooxy organosulphates.
2.8. Statistical analyses
The relationship between any tracer and its derived TC component
is highly uncertain; hence, we use a method developed in previous
papers (Gelencsér et al., 2007; Szidat et al., 2009; Yttri et al., 2011a,
2011b) to assign an uncertainty distribution of allowed parameter va-
lues for all important emission ratios or measurement inputs. In order to
solve the system of equations, allowing for the multitude of possible
combinations of parameters, an eﬀective statistical approach known as
Latin-hypercube sampling (LHS) is used, which is comparable to Monte
Carlo calculations. Details of this procedure were ﬁrst given by
Gelencsér et al. (2007), and the procedure as used here is described in
detail in Yttri et al. (2011a). In brief, central values with low and high
limits are associated to all uncertain input parameters. These factors are
combined using a simpliﬁed approach of LHS in order to generate
thousands of solutions for the source apportionment. All valid combi-
nations of parameters (i.e., excluding those producing negative solu-
tions) are condensed in frequency distributions of possible solutions.
Extensive discussion of the choices behind the factors used, and their
uncertainties, can be found in earlier related studies (Gelencsér et al.,
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Fig. 2. TC in aerosol samples collected at six study sites across
Northern Europe as one-week samples starting on the indicated
dates. BIR is Birkenes (Norway), VAV is Vavihill (Sweden), RIS is
Risoe (Denmark), CAB is Cabauw (The Netherlands), ROT is
Rotterdam (The Netherlands), and MEL is Melpitz (Germany).
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Simpson et al. (2007). The results of this analysis consist of so-called
central-estimates of the TC components (i.e., the 50th percentile), as
well as the range of possibilities allowed by the LHS calculation, usually
expressed as the 10th and 90th percentiles of the solutions. For ex-
ample, we assign ratios for TC/levoglucosan from biomass-burning with
low and high limits of 11 and 17, respectively, or we allow an un-
certainty in the EC estimate of 25% around the measured values. In this
work we retain the same factors as in Yttri et al. (2011b) except that we
modify the lower limit values assigned to F14C to be 1.025 for debris
and spores and 1.05 for biomass burning (Yttri et al., 2011b; used 1.055
for both), reﬂecting the reduction in atmospheric F14C values between
the time of the Yttri et al. study (2006–2007) and the sampling con-
ducted for this work (2013).
Although it is impossible to give a statistical uncertainty on these
LHS calculations since we have no 'true' answer to compare with, each
LHS estimate used here tests 8 000 combinations of possible contribu-
tions. One complication, for example, is that diﬀerent wood-types or
wood-burners can give diﬀerent emission proﬁles, but actually several
studies in very diﬀerent parts of Europe have resulted in similar ratios
for OCbb/levoglucosan (e.g. Puxbaum et al., 2007; Yttri et al., 2005).
This was previously discussed extensively in Simpson et al. (2007), who
concluded that most studies show a levoglucosan/OC ratio of around
10–20%. In the Supplementary information of Yttri et al. (2011b) we
discuss the LHS scheme in more detail, and also ran the LHS scheme
with a wider uncertainty range for the diﬀerent input assumptions. This
study showed that the LHS results were quite robust. In fact, the sup-
plement of Yttri et al. (2011b) noted that the LHS approach is thus not
primarily designed to give a 'best'-estimate; it is designed to show which
solutions are possible. One of the encouraging and important ﬁndings of
these LHS studies has been that one can allow very wide ranges of
emission ratios, and still end up with quite similar general ﬁndings,
since the impossible combinations are excluded by the requirement that
all solutions are positive.
3. Results
High carbonaceous aerosol levels were observed at most sites during
the two ﬁrst weeks of sampling (Fig. 2), when Scandinavia and parts of
Northern Europe were inﬂuenced by a high-pressure system trans-
porting continental air masses towards the west (particularly during
13–26 January), while the remaining study period was inﬂuenced by
westerly winds and lower levels of aerosols.
3.1. Concentrations of total carbon
The average TC concentration decreased one order of magnitude
along a south to north transect, ranging from 6.0 ± 4.3 μg C m−3 at
Melpitz to 0.5 ± 0.3 μg C m−3 at Birkenes. The steep gradient is partly
explained by the elevated concentrations observed during the two ﬁrst
weeks of sampling at the continental sites, with mean weekly con-
centrations as high as 11 μg C m−3. The mean TC concentration ob-
served at the three Nordic sites is comparable to previously reported
measurements for these sites in winter (Yttri et al., 2007a; Genberg
et al., 2011; Martinsson et al., 2017b) (see also ebas.nilu.no), whereas it
is clearly elevated in the ﬁrst two weeks especially for Melpitz (Spindler
et al., 2013), for Rotterdam (see Jedynska et al., 2014), and somewhat
for Cabauw (see Dusek et al., 2017). The TC concentrations at Risoe
(PM10) were comparable to TC concentrations at the same site (PM2.5)
available from the National Monitoring Program (Ellermann et al.,
2015), which showed the same trend as TC in PM10 with the highest
concentration in the ﬁrst week and the lowest concentration in the last
week (data not shown).
3.2. Modern carbon/fossil carbon
The results of the 14C measurements are shown in Fig. 3, excluding
all samples from Risoe and one from Birkenes (see below).
The lowest F14C value in the current study (F14C = 0.362 at
Cabauw, The Netherlands) shows a clear inﬂuence from fossil sources.
Such low F14C values have previously been found in heavily traﬃcked
areas in cities (Glasius et al., 2011). The samples with the two highest
values are from the two northernmost sites, Birkenes and Vavihill, and
were collected during the same sampling period (18–25 Jan 2013). A
larger proportion of carbon from biomass burning results in the highest
F14C values, as discussed later.
The F14C data sets for the various sites are not statistically sig-
niﬁcantly diﬀerent from each other. The F14C results are very similar to
those from a previous study of TC collected at Vavihill, Sweden, during
January and the beginning of February 2009, where the F14C values
ranged between 0.621 and 0.863 (Genberg et al., 2011).
All samples from Risoe showed a clear 14C contamination (F14C
varied between 3.9 and 42). The sampling site at Risoe is located in the
vicinity of two shut-down nuclear experimental reactors presently un-
dergoing decommissioning. The contamination most probably origi-
nates directly or indirectly from these reactors, such as from work re-
lated to decommissioning or classiﬁcation of waste (Hou, personal
communication). One of the Birkenes samples was also contaminated
(F14C = 4.6). This may be associated with a contamination of the very
small sample (only 23 μg of carbon) occurring in the 14C sample pre-
paration laboratory due to the handling of the contaminated Risoe
samples. However, this remains speculative as none of the measured
















11 Jan 18 Jan 25 Jan 1 Feb 
Fig. 3. F14C in aerosols collected at ﬁve study sites across Northern
Europe (start days are listed). Typical uncertainty of the measure-
ments is F14C = 0.006.
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could be a 14C contamination during sampling at the Birkenes site.
Buchholz et al. (2013) report that 14C contamination in aerosol samples
is uncommon but not rare, and in their experience about 10% of sam-
pling sites are aﬀected (Buchholz et al., 2013). Buchholz et al. (2013)
and Zotter et al. (2014) identify potential sources as laboratories using
14C as a tracer, as well as incinerators combusting 14C-labelled medical
or biological material. These authors further point out that the very
high surface area of PM readily provides absorption of volatile 14C-la-
belled compounds as well as of 14CO2. 14C is also commonly used as a
tracer in various research disciplines, not only in laboratories but also
in ﬁeld experiments, see e.g. Rasmussen et al. (2008). Inﬂuence from
such activities in the vicinity of air monitoring stations may obscure
14C-based source apportionment of aerosols, and it is thus important to
consider potential local 14C-contamination in future studies.
3.3. Organic tracers from primary sources
3.3.1. Levoglucosan
The mean concentrations of levoglucosan ranged from
25 ± 13 ng m−3 (Birkenes) to 249 ± 13 ng m−3 (Melpitz), and in-
creased along a north to south transect (see Supplemental Information
Table 2). The levels are comparable to those previously reported for the
European rural background environment, as is the north to south gra-
dient, and the observed levoglucosan to sum of monosaccharide an-
hydrides (levoglucosan, mannosan, galactosan) ratio (85 ± 2%)
(Puxbaum et al., 2007; Yttri et al., 2011a). Increased levels were ob-
served during the ﬁrst half of the sampling period compared to the last
one, and were attributed to meteorological conditions with stagnant air
and low temperatures, causing poor dispersion. High levoglucosan to
TC ratios (from 0.04 to 0.05) observed for all sites (SI Table 2), indicate
a pronounced inﬂuence of biomass combustion emissions, which with a
high level of conﬁdence can be attributed to residential heating, given
the geographical region and time period studied. A very high correla-
tion coeﬃcient (R2 = 0.94) for levoglucosan and TC during the sam-
pling period supports the statement of biomass combustion being a
major source of the carbonaceous aerosol.
3.3.2. Sugars and sugar alcohols
Sugars and sugar alcohols were present in all samples, demon-
strating the presence of PBAP even during the middle of winter in
Northern Europe. The concentrations were however low, in particular
for the sugar alcohols arabitol and mannitol used to trace fungal spores
(see SI Table 3). The highest total concentrations of sugars and sugar
alcohols were observed during the two ﬁrst weeks of sampling, except
for Vavihill, whereas their relative share of TC was higher for the two
last weeks. There was a pronounced correlation of levoglucosan with
fructose (R2 = 0.88) and glucose (R2 = 0.74), suggesting that these
species are co-emitted during residential wood burning. No correlation
with levoglucosan was observed for the fungal spore tracers (arabitol
and mannitol).
A correlation between glucose and levoglucosan in plumes from
forest ﬁres was observed by Medeiros et al. (2006) and also for emission
measurements from combustion of diﬀerent types of wood or biomass
(Kistler et al., unpublished data), although the ratio between glucose
and levoglucosan was markedly lower in the emission study compared
to the ambient data presented here.
3.3.3. Cellulose
Free cellulose concentrations were only above the detection limit (of
16 ng m−3) in the aerosol samples from Rotterdam, where concentra-
tions ranged from 24 to 43 ng m−3. Summer to winter ratios between 2
and 4 have been reported previously for average concentration values
at continental background sites (Sánchez-Ochoa et al., 2007). Summer
concentrations are available from measurements conducted at Birkenes
and Vavihill, where averages were close to 90 ng m−3 (Yttri et al.,
2011b). Assuming the limit of detection as an upper limit of wintertime
cellulose concentrations, the seasonality at Birkenes and Vavihill seems
to be slightly more pronounced than reported by Sánchez-Ochoa et al.
(2007).
3.4. Organic tracers from secondary sources: carboxylic acids,
organosulphates, and nitrooxy organosulphates
Carboxylic acids were grouped into anthropogenic acids (adipic
acid, benzoic acid and pimelic acid), fatty acid-derived carboxylic acids
(azelaic acid and suberic acid), ﬁrst-generation biogenic acids from
oxidation of α- and β-pinene (pinic acid, pinonic acid, and terpenylic
acid) and second-generation biogenic acids from oxidation of e.g. pi-
nonic acid (MBTCA and DTAA). Fig. 4 shows the average concentra-
tions of these groups of carboxylic acids for each site during the study
period. The mean total concentrations of the carboxylic acids were
4–53 ng m−3, with the lowest concentrations observed at Birkenes and
the highest at Melpitz, showing a pronounced north-south gradient.
The concentrations of the carboxylic acids were normalised to TC, in
order to reduce the inﬂuence of particle mass on partitioning of semi-
volatile components (Kroll and Seinfeld, 2008), and the lower panel of
Fig. 4 shows the results. Here the two most remote or rural sites, Bir-
kenes and Vavihill, have higher relative contributions from biogenic
acids compared to the other sites, where the fatty acid-derived acids
dominate the relative contribution. The relative contribution of the
biogenic acids was particularly high at Birkenes and Vavihill for week 2
and 4, whereas quite similar relative contributions were observed at the
other sites during the study period (data not shown). Sources to bio-
genic acids at Birkenes and Vavihill could include regional mono-
terpene emissions and possible wood combustion. The biogenic acids
Fig. 4. Average concentrations of carboxylic acids summarised as anthropogenic acids
(AA, i.e., adipic acid, benzoic acid and pimelic acid), fatty acid-derived carboxylic acids
(FDA, i.e., azelaic acid and suberic acid), ﬁrst-generation biogenic acids (1BA, i.e., pinic
acid, pinonic acid, and terpenylic acid) and second-generation biogenic acids (2BA, i.e.,
MBTCA and DTAA). In the lower panel, the concentrations are normalised to TC con-
centrations. The error bars show the standard deviation of the four sampling periods.
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from these sources together with the other carboxylic acids, which were
at low concentrations, could contribute to the higher relative levels of
biogenic acids at these sites.
Generally, the concentrations of the biogenic acids (especially pinic
acid and terpenylic acid) and the fatty acid-derived acids (in particular
azelaic acid) were larger than the levels of the anthropogenic acids. The
concentrations of pinic acid (0.3–9.7 ng m−3), terpenylic acid
(0.2–10.6 ng m−3) and pinonic acid (below the detection limit of
1.9 ng m−3) were within previously observed levels in Northern and
Central Europe (Kourtchev et al., 2009; Zhang et al., 2010; Kristensen
and Glasius, 2011).
We observed 23 diﬀerent organosulphates (OS) and seven nitrooxy
organosulphates (NOS) during the study period (SI Table 1). The or-
ganosulphates of lowest molecular weight (OS 140, 154, 156, 168 and
182) were products of glycolaldehyde, hydroxyacetone, methylglycolic
acid, methacrolein and 2-methylglyceric acid (Surratt et al., 2007;
Olson et al., 2011; Schindelka et al., 2013; Shalamzari et al., 2013),
originating from either the oxidation of isoprene or anthropogenic
compounds (Biesenthal and Shepson, 1997; Myriokefalitakis et al.,
2008; Surratt et al., 2008; Hakola et al., 2009; Zhang et al., 2012a;
Hansen et al., 2014) and contributed with 22 ± 7% of the sum of OS.
Another group of OS originated from the photochemical oxidation of
isoprene, namely OS 170, 184, 200, 212, 214 and 216, of which the
latter one is derived from isoprene epoxydiols, IEPOX (Surratt et al.,
2008, 2010; Shalamzari et al., 2013), and this group made up 13 ± 5%
of the sum of OS. The organosulphate OS 200 derived from 2-methyl-
glyceric acid (Surratt et al., 2007; Zhang et al., 2012b) was only ob-
served at very low levels. Organosulphates originating from mono-
terpenes (OS 248, 250, 252, 268a and 280a) (Surratt et al., 2006)
contributed to 11–46% of the sum of OS (on average 28 ± 8%).
Furthermore, organosulphates derived from oxidation of alkanes,
namely, OS 210, 238, 268b, 270, 280b, 280c, 296, and 298, as well as
NOS 327 (Riva et al., 2016b), constituted 13 ± 3% of the sum of OS.
Of these, OS 210 was previously detected at Svalbard and North
Greenland during winter (Hansen et al., 2014). Only very low levels of
organosulphates derived from green-leaf volatiles (Shalamzari et al.,
2014) and polycyclic aromatic hydrocarbons, PAH (Riva et al., 2015)
were observed.
Nitrooxy organosulphates contributed to 24 ± 5% of the sum of
OS. Of these, NOS 295, 311 and 327b are derived from α- and β-pinene,
while NOS 297, 313, 327 and 329 have been observed in chamber
oxidation experiments of D-limonene (Surratt et al., 2008).
Fig. 5 shows the distribution of major groups of OS and NOS during
the study period. The total levels varied between 2 and 414 ng m−3.
The highest levels were observed at Melpitz during week 1 and 2, fol-
lowed by the Cabauw and Rotterdam sites during period 2, while the
lowest levels were observed for the last study week for all sites.
The levels of the organosulphates at each site varied considerably
between sampling periods, with a diﬀerence as high as 70 times ob-
served at the Rotterdam site. These variations reﬂect diﬀerences be-
tween sampling periods regarding emissions, air mass transport pat-
terns and atmospheric mixing.
When the data for OS and NOS are normalised to TC (SI Fig. 1), the
diﬀerences between the sampling periods become smaller. For example
at Rotterdam, the diﬀerence between the highest and lowest relative
concentration is only a factor of 13 (compared to 70 when addressing
the concentrations). The average ratio of OS and NOS to TC was
0.013 ± 0.010, ranging from 0.002 to 0.038.
Organic bound sulphate in OS and NOS had a ratio of 1.5 ± 1.0%
to inorganic sulphate, determined by ion chromatography and obtained
from the atmospheric monitoring database at ebas.nilu.no for all sites
except those in The Netherlands. The range was 0.1–3.4%, with a
tendency that the highest ratios of sulphate in OS and NOS to inorganic
sulphate were observed in continental, polluted air masses and the
lowest ratios during periods with marine air masses (with higher levels
of sea-salt sulphate). As expected, a high correlation between sum of OS
and NOS with inorganic sulphate was observed (R2 = 0.84, n = 16).
Organosulphates are formed in reactions between organic pre-
cursors, such as epoxides, and sulphate aerosols, and the rate of for-
mation can increase with acidity of the aerosol (Iinuma et al., 2009;
Surratt et al., 2010; Zhang et al., 2012b) and can be reduced by organic
coating (Riva et al., 2016a). This makes the formation of organosul-
phates especially sensitive to aerosol acidity, sulphate and aging, which
can contribute to explain the diﬀerences observed between sites and
samples in this study.
3.5. Results from LHS analysis
Latin hypercube sampling source apportionment (LHS SA) ascribes
the carbonaceous aerosol (here: TC, EC, and OC) into a number of
predeﬁned sources, as deﬁned by a selection of source-speciﬁc tracers
analysed from aerosol ﬁlter samples (e.g., Gelencsér et al., 2007;
Genberg et al., 2011; Gilardoni et al., 2011; Yttri et al., 2011a, 2011b).
In the present study, the tracers levoglucosan, mannitol, cellulose and
14C of TC, separated the carbonaceous aerosol into EC from biomass
burning (ECbb) (here: from residential heating) and fossil fuel sources
(ECﬀ), whereas OC was attributed to biomass burning (OCbb), fossil fuel
sources (OCﬀ), primary biological aerosol particles (OCPBAP) and OCrnf
Fig. 5. Concentrations of organosulphates (OS) and nitrooxy orga-
nosulphates (nitrooxy OS) according to parent molecules (i.e., al-
kanes, monoterpenes, isoprene, anthropogenic or isoprene, see text
for further explanations).
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Fig. 6. Central estimate, i.e., 50 percentile, concentrations (μg C m−3) of diﬀerent carbonaceous particle fractions for sites and samples for which source apportionment was possible.
Uncertainty bars represent 10 and 90 percentiles from LHS calculations (not given when the LHS solution rate< 5%).
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(remaining non-fossil). The latter category has previously been con-
sidered a proxy for the biogenic secondary organic aerosol (OCbsoa).
There are however anthropogenic sources of contemporary carbon,
such as cooking and biofuel (bioethanol and biodiesel) that contribute
to OCrnf, and there is an increasing recognition that those other sources
may be included in this category.
The exact setup of the LHS scheme used here has been described in
detail in Yttri et al. (2011b), and is not repeated here. The only change
in parameters has been to update the values for modern carbon, F14C to
more recent years (extrapolating from Zotter et al., 2014), now with the
lowest values being 1.025 (e.g., for PBAP) and the wood-burning range
being 1.05–1.2 (see Yttri et al. (2009) for comparison). In addition to
the 14C contamination mentioned earlier, we also encountered pro-
blems with high levels of carbonaceous aerosols interfering with the
instrumental split between OC and EC for the samples of highest aerosol
concentrations, which limits the number of samples for which LHS
source apportionment could be performed. The results from the LHS SA
are shown in Fig. 6.
Biomass burning is estimated to be the major source of OC for all
analysed samples at all sites, accounting for more than 40% of TC for all
but one sample at Birkenes (31%). Minor variability in the relative
contribution of OCbb to TC was found within and between sites in the
other cases. Fossil fuel sources of OC are the second most important
source of OC (in all samples except one), accounting for typically 30%
of TC. There was a general tendency (data not shown) that OC from
fossil fuel sources was attributed to secondary aerosol (anthropogenic
SOA) for samples with a high carbonaceous loading. Zotter et al. (2014)
reported a similar ﬁnding during winter-smog episodes in Switzerland.
The OCrnf source contributed ca. 5–12% to TC for all samples. An ex-
ceptions was seen for the second Birkenes sample with low loading, for
which a noticeable 33% contribution of OCrnf to TC was estimated. We
speculate that the pronounced relative contribution is a result of low
anthropogenic impact for this sample, as the apportioned level of OCrnf
is not particularly high. A dominating contribution of OC from BSOA
(OCBSOA) to OCrnf has been argued for the Nordic countries (e.g., Yttri
et al., 2011b), although this appears more likely in summer than in
winter. On the other hand, increased condensation due to lower tem-
peratures can be an important source of OCBSOA in fall and winter,
which could outweigh the eﬀect of high temperature and increased
terpene emissions in summer (Andersson-Sköld and Simpson, 2001;
Simpson et al., 2007). OCPBAP contributed< 5% for all samples, and
only Rotterdam experienced a relative contribution> 1%. Rotterdam
was the only site for which levels of the plant debris tracer (cellulose)
was present above the detection limit. The part of OCPBAP attributed to
fungal spores was less than 1% at all sites, Rotterdam included.
EC from biomass burning accounted for 7%–16% of TC considering
all samples, and as for OCbb, the variability was typically minor within
and between sites. The relative contribution of EC from fossil fuel
sources (ECﬀ) to TC varied more, ranging from<2% to 23%. There was
a tendency that the relative contribution of ECbb was highest, and
higher than for ECﬀ, for high loading samples, whereas ECﬀ dominated
the low ones.
4. General discussion
The weekly concentration means at all six sites are inﬂuenced by
local meteorological conditions and emissions, but also by long-range
transport. Backward trajectories show that the source regions for long-
range transport can vary over the investigated week but also for the
diﬀerent stations, even though during this study the trajectories were
relatively consistent during the ﬁrst two sampling periods and in con-
trast to the last weeks. Concentration diﬀerences between the weeks
and especially between the northern (more maritime) and the southern
(more continental) stations can be explained in this way.
The highest TC values in this study are observed at Melpitz (Fig. 2),
the easternmost of the three southern sites, while the second and third
highest values are obtained at the two other southern sites, Rotterdam
and Cabauw. For these sites, the same pattern is observed for TC, with
the highest values in the second week and lowest in the last week, while
the three northernmost stations (Birkenes, Vavihill and Risø) show a
diﬀerent pattern with highest TC in the ﬁrst week. The concentrations
of the carboxylic acids, organosulphates and nitrooxy organosulphates
follow the pattern of TC at all six sites. A recent year-long study at
Cabauw observed a factor of three average increase in TC during per-
iods of long-range transport of continental air masses compared to re-
gional pollution (Dusek et al., 2017).
Since local emissions near Melpitz are of minor relevance, except
during strong inversions, long-range transport of primary emitted spe-
cies or SOA precursors is the main source of the high carbonaceous
aerosol levels. Daily PM10 measurements during a decade show con-
siderable diﬀerences in concentrations of both organic and inorganic
compounds for an air-mass inﬂow from west versus east of Melpitz
(Spindler et al., 2010, 2013). For example, the average concentrations
of EC and sulphate in PM10 during 2003–2013 are about 1.1 μg EC m−3
and 2.2 μg SO42− m−3 in winter periods with air mass inﬂow from
west, whereas there is an increase to 4.1 μg EC m−3 and 6.2 μg SO42−
m−3 during periods with air masses from the east, inﬂuenced by an-
thropogenic combustion tracers from industry and traﬃc, but especially
from residential combustion of coal and biomass (Spindler et al., 2013).
The study of Ciarelli et al. (2017) also showed a major source region of
POA situated east of Melpitz.
Solid fuels are used for heating of almost 50% of the households in
Poland (situated less than 150 km east of Melpitz), in particular in rural
areas, where anthracite coal and fuel wood are combusted in single-
house boilers or stoves (Central Statistical Oﬃce of Poland, 2014).
Considering the formation of organosulphates it is also relevant to note
that Poland is the EU country with the highest emission of SO2 (840 Gg
in 2013), twice the emission of the second highest emitting country,
Germany, and 223 Gg SO2 of this is emitted from residential combus-
tion sources in Poland (EEA, 2015).
These emission patterns are reﬂected in our observations, as the
highest concentrations of levoglucosan are found in samples with in-
termediate or low F14C (see SI Fig. 2), i.e., tracers of both biomass and
fossil combustion are highest in the same aerosol samples. This is also
observed in the LHS SA analysis, where high contributions from fossil
fuel combustion were found in samples with high concentrations of
levoglucosan, supporting that combustion of coal and biomass is a
signiﬁcant source of carbonaceous aerosols.
Emission data (mentioned above) and meteorology also contribute
to explain the high concentrations of levoglucosan, TC and organosul-
phates observed in the particle ﬁlter samples during the ﬁrst two weeks
of our study period with easterly winds. Fig. 7 shows that the highest
levels of organosulphates, in particular the monoterpene-derived ones,
are observed in samples with high concentration of the biomass-
burning marker, levoglucosan (correlation coeﬃcient R2 = 0.75).
Based on this, we hypothesise that combustion of coniferous wood and
coal can lead to formation of organosulphates of monoterpenes from
mixing of the smoke plumes. The presence of acidic sulphate aerosol
surfaces can be decisive for formation of organosulphates, as found e.g.
in laboratory studies by Riva et al. (2016a), while coating reduces the
reactive uptake to form organosulphates.
5. Conclusions
In the present study, we have used a suite of molecular tracers
combined with LHS source apportionment to constrain the wintertime
sources of carbonaceous aerosols in background areas in Northern
Europe.
The results clearly identiﬁed a strong gradient in levels of the car-
bonaceous aerosol (TC) and molecular tracers such as levoglucosan,
decreasing by as much as one order of magnitude from the southern-
most to northernmost site. LHS source apportionment showed that
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biomass burning contributed more to EC than fossil fuel sources for
75% of the samples. EC originating from combustion of fossil fuel was
most abundant in samples with a low carbonaceous aerosol loading.
Regarding OC, biomass burning was identiﬁed as the major source
for all samples, typically accounting for more than 40% of TC.
Remaining sources included use and combustion of fossil fuels (14–34%
of TC) in addition to a low contribution (about 5–12% of TC) from
unresolved non-fossil sources, such as cooking and biogenic secondary
organic aerosols. The contribution of PBAP was negligible for all sam-
ples.
Overall, the results conﬁrm that wood burning for residential
heating is the major source of OC and EC in Northern Europe in winter,
which is in line with previous investigations.
In addition to the molecular tracers directly used for the LHS source
apportionment, additional molecular tracers including carboxylic acids,
organosulphates and nitrooxy organosulphates were measured to pro-
vide information on SOA sources. The organosulphates and nitrooxy
organosulphates showed a pronounced variation of two orders of
magnitude between sites and sampling periods, probably caused by
diﬀerences in the levels of acidic sulphate aerosols enhancing formation
of organosulphates from both anthropogenic and biogenic precursors.
We experienced problems with the presence of so-called super
modern carbon (i.e., the fraction of 14C is higher than the 14C content in
atmospheric CO2) in some of the aerosol samples. The source was
identiﬁed as a nearby nuclear reactor undergoing decommissioning.
Other sources may include nuclear power plants and waste incinerators
(processing waste from laboratories and hospitals).
Overall, the study has provided new information to constrain the
sources of OC and EC in the northern part of Europe.
Acknowledgements
We thank the Nordic Council of Ministers for funding this project.
We acknowledge the ﬁnancial support at the Melpitz site by the German
Federal Environment Agency UBA research foundation with contract
No: 35101093. DS is supported by EMEP under UN-ECE and the EU FP7
project PEGASOS (contract 265307). This work is also a contribution to
the Swedish Strategic Research project Modeling the Regional and
Global Earth system (MERGE). AMKH and MG would like to thank
NordForsk (Nordic Council of Ministers) for funding through the Nordic
Centre of Excellence Cryosphere-Atmosphere Interactions in a
Changing Arctic Climate (CRAICC), and J.K. Christiansen for technical
assistance. MC and WM are indebted to R. Vermeylen for assistance in
the GC/MS analyses and to the Belgian Federal Science Policy Oﬃce for
ﬁnancial support. Furthermore, we thank Y. Iinuma and O. Böge,
Leibniz Institute for Tropospheric Research, Germany for providing
standards of terpenylic acid, MBTCA, and DTAA. This work was carried
out with the support of the European FP7 and H2020 research and
innovation programmes within ACTRIS (Aerosols, Clouds, and Trace
gases Research Infrastructure, No 262254) and ACTRIS-2 (No 654109).
Inorganic sulfate-data for Birkenes, Melpitz, Risoe and Vavihill, re-
ported to the EMEP program under UNECE CLRTAP, was extracted
from ebas.nilu.no. NILU is acknowledged for providing FLEXTRA tra-
jectories (www.nilu.no/trajectories).
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.atmosenv.2017.11.005.
References
Aas, W., Tsyro, S., Bieber, E., Bergstrom, R., Ceburnis, D., Ellermann, T., Fagerli, H.,
Frolich, M., Gehrig, R., Makkonen, U., Nemitz, E., Otjes, R., Perez, N., Perrino, C.,
Prevot, A.S.H., Putaud, J.P., Simpson, D., Spindler, G., Vana, M., Yttri, K.E., 2012.
Lessons learnt from the ﬁrst EMEP intensive measurement periods. Atmos. Chem.
Phys. 12, 8073–8094.
Andersson-Sköld, Y., Simpson, D., 2001. Secondary organic aerosol formation in northern
Europe: a model study. J. Geophys. Res. A 106, 7357–7374.
Bauer, H., Claeys, M., Vermeylen, R., Schueller, E., Weinke, G., Berger, A., Puxbaum, H.,
2008a. Arabitol and mannitol as tracers for the quantiﬁcation of airborne fungal
spores. Atmos. Environ. 42, 588–593.
Bauer, H., Schueller, E., Weinke, G., Berger, A., Hitzenberger, R., Marr, I.L., Puxbaum, H.,
2008b. Signiﬁcant contributions of fungal spores to the organic carbon and to the
aerosol mass balance of the urban atmospheric aerosol. Atmos. Environ. 42,
5542–5549.
Beekmann, M., Prévôt, A.S.H., Drewnick, F., Sciare, J., Pandis, S.N., Denier van der Gon,
H.A.C., Crippa, M., Freutel, F., Poulain, L., Ghersi, V., Rodriguez, E., Beirle, S., Zotter,
P., von der Weiden-Reinmüller, S.L., Bressi, M., Fountoukis, C., Petetin, H., Szidat, S.,
Schneider, J., Rosso, A., El Haddad, I., Megaritis, A., Zhang, Q.J., Michoud, V.,
Slowik, J.G., Moukhtar, S., Kolmonen, P., Stohl, A., Eckhardt, S., Borbon, A., Gros, V.,
Marchand, N., Jaﬀrezo, J.L., Schwarzenboeck, A., Colomb, A., Wiedensohler, A.,
Borrmann, S., Lawrence, M., Baklanov, A., Baltensperger, U., 2015. In situ, satellite
measurement and model evidence on the dominant regional contribution to ﬁne
particulate matter levels in the Paris megacity. Atmos. Chem. Phys. 15, 9577–9591.
Bergström, R., Denier van der Gon, H.A.C., Prévôt, A.S.H., Yttri, K.E., Simpson, D., 2012.
Modelling of organic aerosols over Europe using a volatility basis set (VBS) frame-
work: application of diﬀerent assumptions regarding the formation of secondary
organic aerosol. Atmos. Chem. Phys. 12, 8499–8527.
Biesenthal, T.A., Shepson, P.B., 1997. Observations of anthropogenic inputs of the iso-
prene oxidation products methyl vinyl ketone and methacrolein to the atmosphere.
Geophys. Res. Lett. 24, 1375–1378.
Bond, T.C., Bergstrom, R.W., 2006. Light absorption by carbonaceous particles: an in-
vestigative review. Aerosol Sci. Technol. 40, 27–67.
Bond, T.C., Doherty, S.J., Fahey, D.W., Forster, P.M., Berntsen, T., DeAngelo, B.J.,
Flanner, M.G., Ghan, S., Kärcher, B., Koch, D., Kinne, S., Kondo, Y., Quinn, P.K.,
Saroﬁm, M.C., Schultz, M.G., Schulz, M., Venkataraman, C., Zhang, H., Zhang, S.,
Bellouin, N., Guttikunda, S.K., Hopke, P.K., Jacobson, M.Z., Kaiser, J.W., Klimont, Z.,
Lohmann, U., Schwarz, J.P., Shindell, D., Storelvmo, T., Warren, S.G., Zender, C.S.,
2013. Bounding the role of black carbon in the climate system: a scientiﬁc assess-
ment. J. Geophys. Res. Atmos. 118, 5380–5552.
Bozzetti, C., Daellenbach, K.R., Hueglin, C., Fermo, P., Sciare, J., Kasper-Giebl, A., Mazar,
Y., Abbaszade, G., El Kazzi, M., Gonzalez, R., Shuster-Meiseles, T., Flasch, M., Wolf,
R., Křepelová, A., Canonaco, F., Schnelle-Kreis, J., Slowik, J.G., Zimmermann, R.,
Rudich, Y., Baltensperger, U., El Haddad, I., Prévôt, A.S.H., 2016. Size-resolved
identiﬁcation, characterization, and quantiﬁcation of primary biological organic
aerosol at a European rural site. Environ. Sci. Technol. 50, 3425–3434.
Brook, R.D., Rajagopalan, S., Pope, C.A., Brook, J.R., Bhatnagar, A., Diez-Roux, A.V.,
Holguin, F., Hong, Y., Luepker, R.V., Mittleman, M.A., Peters, A., Siscovick, D., Smith,
S.C., Whitsel, L., Kaufman, J.D., 2010. Particulate matter air pollution and cardio-
vascular disease: an update to the scientiﬁc statement from the American Heart
Association. Circulation 121, 2331–2378.
Buchholz, B.A., Fallon, S.J., Zermeno, P., Bench, G., Schichtel, B.A., 2013. Anomalous
elevated radiocarbon measurements of PM2.5. Nucl. Instrum. Methods Phys. Res. B
294, 631–635.
Cappa, C.D., Onasch, T.B., Massoli, P., Worsnop, D.R., Bates, T.S., Cross, E.S., Davidovits,
P., Hakala, J., Hayden, K.L., Jobson, B.T., Kolesar, K.R., Lack, D.A., Lerner, B.M., Li,
S.M., Mellon, D., Nuaaman, I., Olfert, J.S., Petaja, T., Quinn, P.K., Song, C.,
Fig. 7. Concentrations of major groups of organosulphates as a function of TC and co-
loured according to levoglucosan concentration.
M. Glasius et al. Atmospheric Environment 173 (2018) 127–141
138
Subramanian, R., Williams, E.J., Zaveri, R.A., 2012. Radiative absorption enhance-
ments due to the mixing state of atmospheric black carbon. Science 337, 1078–1081.
Cassee, F.R., Héroux, M.-E., Gerlofs-Nijland, M.E., Kelly, F.J., 2013. Particulate matter
beyond mass: recent health evidence on the role of fractions, chemical constituents
and sources of emission. Inhal. Toxicol. 25, 802–812.
Cavalli, F., Viana, M., Yttri, K.E., Genberg, J., Putaud, J.P., 2010. Toward a standardised
thermal-optical protocol for measuring atmospheric organic and elemental carbon:
the EUSAAR protocol. Atmos. Meas. Tech. 3, 79–89.
Central Statistical Oﬃce of Poland, 2014. Energy Consumption in Households in 2012.
Warsaw, Poland.
Christoﬀersen, T.S., Hjorth, J., Horie, O., Jensen, N.R., Kotzias, D., Molander, L.L., Neeb,
P., Ruppert, L., Winterhalter, R., Virkkula, A., Wirtz, K., Larsen, B.R., 1998. cis-Pinic
acid, a possible precursor for organic aerosol formation from ozonolysis of α-pinene.
Atmos. Environ. 32, 1657–1661.
Ciarelli, G., Aksoyoglu, S., El Haddad, I., Bruns, E.A., Crippa, M., Poulain, L., Äijälä, M.,
Carbone, S., Freney, E., O'Dowd, C., Baltensperger, U., Prévôt, A.S.H., 2017.
Modelling winter organic aerosol at the European scale with CAMx: evaluation and
source apportionment with a VBS parameterization based on novel wood burning
smog chamber experiments. Atmos. Chem. Phys. 17, 7653–7669.
Claeys, M., Iinuma, Y., Szmigielski, R., Surratt, J.D., Blockhuys, F., Van Alsenoy, C., Böge,
O., Sierau, B., Gómez-González, Y., Vermeylen, R., Van der Veken, P., Shahgholi, M.,
Chan, A.W.H., Herrmann, H., Seinfeld, J.H., Maenhaut, W., 2009. Terpenylic acid and
related compounds from the oxidation of alpha-pinene: implications for new particle
formation and growth above forests. Environ. Sci. Technol. 43, 6976–6982.
Crippa, M., Canonaco, F., Lanz, V.A., Äijälä, M., Allan, J.D., Carbone, S., Capes, G.,
Ceburnis, D., Dall'Osto, M., Day, D.A., DeCarlo, P.F., Ehn, M., Eriksson, A., Freney, E.,
Hildebrandt Ruiz, L., Hillamo, R., Jimenez, J.L., Junninen, H., Kiendler-Scharr, A.,
Kortelainen, A.M., Kulmala, M., Laaksonen, A., Mensah, A.A., Mohr, C., Nemitz, E.,
O'Dowd, C., Ovadnevaite, J., Pandis, S.N., Petäjä, T., Poulain, L., Saarikoski, S.,
Sellegri, K., Swietlicki, E., Tiitta, P., Worsnop, D.R., Baltensperger, U., Prévôt, A.S.H.,
2014. Organic aerosol components derived from 25 AMS data sets across Europe
using a consistent ME-2 based source apportionment approach. Atmos. Chem. Phys.
14, 6159–6176.
Deguillaume, L., Leriche, M., Amato, P., Ariya, P.A., Delort, A.M., Poschl, U.,
Chaumerliac, N., Bauer, H., Flossmann, A.I., Morris, C.E., 2008. Microbiology and
atmospheric processes: chemical interactions of primary biological aerosols.
Biogeosciences 5, 1073–1084.
Denier van der Gon, H.A.C., Bergström, R., Fountoukis, C., Johansson, C., Pandis, S.N.,
Simpson, D., Visschedijk, A.J.H., 2015. Particulate emissions from residential wood
combustion in Europe – revised estimates and an evaluation. Atmos. Chem. Phys. 15,
6503–6519.
Despres, V.R., Huﬀman, J.A., Burrows, S.M., Hoose, C., Safatov, A.S., Buryak, G.,
Frohlich-Nowoisky, J., Elbert, W., Andreae, M.O., Poschl, U., Jaenicke, R., 2012.
Primary biological aerosol particles in the atmosphere: a review. Tellus B Chem.
Phys. Meteorol. 64, 15598.
Di Filippo, P., Pomata, D., Riccardi, C., Buiarelli, F., Perrino, C., 2013. Fungal contribu-
tion to size-segregated aerosol measured through biomarkers. Atmos. Environ. 64,
132–140.
Dusek, U., Hitzenberger, R., Kasper-Giebl, A., Kistler, M., Meijer, H.A.J., Szidat, S.,
Wacker, L., Holzinger, R., Röckmann, T., 2017. Sources and formation mechanisms of
carbonaceous aerosol at a regional background site in The Netherlands: insights from
a year-long radiocarbon study. Atmos. Chem. Phys. 17, 3233–3251.
EEA, 2015. European Union Emission Inventory Report 1990–2013 under the UNECE
Convention on Long-range Transboundary Air Pollution (LRTAP). European
Environment Agency.
Ellermann, T., Nøjgaard, J.K., Nordstrøm, C., Brandt, J., Christensen, J., Ketzel, M.,
Jansen, S., Massling, A., Jensen, S.S., 2015. The Danish Air Quality Monitoring
Programme. Annual Summary for 2013. DCE – Danish Centre for Environment and
Energy, Aarhus University.
Favez, O., Cachier, H., Sciare, J., Sarda-Estève, R., Martinon, L., 2009. Evidence for a
signiﬁcant contribution of wood burning aerosols to PM2.5 during the winter season
in Paris. Fr. Atmos. Environ. 43, 3640–3644.
Favez, O., El Haddad, I., Piot, C., Boréave, A., Abidi, E., Marchand, N., Jaﬀrezo, J.L.,
Besombes, J.L., Personnaz, M.B., Sciare, J., Wortham, H., George, C., D'Anna, B.,
2010. Inter-comparison of source apportionment models for the estimation of wood
burning aerosols during wintertime in an Alpine city (Grenoble, France). Atmos.
Chem. Phys. 10, 5295–5314.
Frossard, A.A., Shaw, P.M., Russell, L.M., Kroll, J.H., Canagaratna, M.R., Worsnop, D.R.,
Quinn, P.K., Bates, T.S., 2011. Springtime Arctic haze contributions of submicron
organic particles from European and Asian combustion sources. J. Geophys. Res. 116,
D05205.
Fuller, K.A., Malm, W.C., Kreidenweis, S.M., 1999. Eﬀects of mixing on extinction by
carbonaceous particles. J. Geophys. Res. 104, 15941–15954.
Gelencsér, A., May, B., Simpson, D., Sánchez-Ochoa, A., Kasper-Giebl, A., Puxbaum, H.,
Caseiro, A., Pio, C., Legrand, M., 2007. Source apportionment of PM2.5 organic
aerosol over Europe: primary/secondary, natural/anthropogenic, and fossil/biogenic
origin. J. Geophys. Res. 112, D23S04.
Genberg, J., Stenström, K., Elfman, M., Olsson, M., 2010. Development of graphitization
of μg-sized samples at Lund university. Radiocarbon 52, 1270–1276.
Genberg, J., Hyder, M., Stenström, K., Bergström, R., Simpson, D., Fors, E.O., Jönsson,
J.Å., Swietlicki, E., 2011. Source apportionment of carbonaceous aerosol in southern
Sweden. Atmos. Chem. Phys. 11, 11387–11400.
Gilardoni, S., Vignati, E., Cavalli, F., Putaud, J.P., Larsen, B.R., Karl, M., Stenstrom, K.,
Genberg, J., Henne, S., Dentener, F., 2011. Better constraints on sources of carbo-
naceous aerosols using a combined C-14-macro tracer analysis in a European rural
background site. Atmos. Chem. Phys. 11, 5685–5700.
Glasius, M., Duane, M., Larsen, B.R., 1999. Determination of polar terpene oxidation
products in aerosols by liquid chromatography-ion trap mass spectrometry. J.
Chromatogr. A 833, 121–135.
Glasius, M., Lahaniati, M., Calogirou, A., Di Bella, D., Jensen, N.R., Hjorth, J., Kotzias, D.,
Larsen, B.R., 2000. Carboxylic acids in secondary aerosols from oxidation of cyclic
monoterpenes by ozone. Environ. Sci. Technol. 34, 1001–1010.
Glasius, M., Ketzel, M., Wahlin, P., Bossi, R., Stubkjaer, J., Hertel, O., Palmgren, F., 2008.
Characterization of particles from residential wood combustion and modelling of
spatial variation in a low-strength emission area. Atmos. Environ. 42, 8686–8697.
Glasius, M., la Cour, A., Lohse, C., 2011. Fossil and nonfossil carbon in ﬁne particulate
matter: a study of ﬁve European cities. J. Geophys. Res. 116, D11302.
Glasius, M., Goldstein, A.H., 2016. Recent discoveries and future challenges in atmo-
spheric organic chemistry. Environ. Sci. Technol. 50, 2754–2764.
Gómez-González, Y., Surratt, J.D., Cuyckens, F., Szmigielski, R., Vermeylen, R., Jaoui, M.,
Lewandowski, M., Oﬀenberg, J.H., Kleindienst, T.E., Edney, E.O., Blockhuys, F., Van
Alsenoy, C., Maenhaut, W., Claeys, M., 2008. Characterization of organosulfates from
the photooxidation of isoprene and unsaturated fatty acids in ambient aerosol using
liquid chromatography/(−) electrospray ionization mass spectrometry. J. Mass
Spectrom. 43, 371–382.
Gómez-González, Y., Wang, W., Vermeylen, R., Chi, X., Neirynck, J., Janssens, I.A.,
Maenhaut, W., Claeys, M., 2012. Chemical characterisation of atmospheric aerosols
during a 2007 summer ﬁeld campaign at Brasschaat, Belgium: sources and source
processes of biogenic secondary organic aerosol. Atmos. Chem. Phys. 12, 125–138.
Grosjean, D., Van Cauwenberghe, K., Schmid, J.P., Kelley, P.E., Pitts, J.N., 1978.
Identiﬁcation of C3-C10 aliphatic dicarboxylic acids in airborne particulate matter.
Environ. Sci. Technol. 12, 313–317.
Hakola, H., Hellen, H., Tarvainen, V., Back, J., Patokoski, J., Rinne, J., 2009. Annual
variations of atmospheric VOC concentrations in a boreal forest. Boreal Environ. Res.
14, 722–730.
Hallquist, M., Wenger, J.C., Baltensperger, U., Rudich, Y., Simpson, D., Claeys, M.,
Dommen, J., Donahue, N.M., George, C., Goldstein, A.H., Hamilton, J.F., Herrmann,
H., Hoﬀmann, T., Iinuma, Y., Jang, M., Jenkin, M.E., Jimenez, J.L., Kiendler-Scharr,
A., Maenhaut, W., McFiggans, G., Mentel, T.F., Monod, A., Prévót, A.S.H., Seinfeld,
J.H., Surratt, J.D., Szmigielski, R., Wildt, J., 2009. The formation, properties and
impact of secondary organic aerosol: current and emerging issues. Atmos. Chem.
Phys. 9, 5155–5235.
Hansen, A.M.K., Kristensen, K., Nguyen, Q.T., Zare, A., Cozzi, F., Nøjgaard, J.K., Skov, H.,
Brandt, J., Christensen, J.H., Ström, J., Tunved, P., Krejci, R., Glasius, M., 2014.
Organosulfates and organic acids in Arctic aerosols: speciation, annual variation and
concentration levels. Atmos. Chem. Phys. 14, 7807–7823.
Hatakeyama, S., Tanonaka, T., Weng, J., Bandow, H., Takagi, H., Akimoto, H., 1985.
Ozone-cyclohexene reaction in air: quantitative analysis of particulate products and
the reaction mechanism. Environ. Sci. Technol. 19, 935–942.
Hatakeyama, S., Izumi, K., Fukuyama, T., Akimoto, H., 1989. Reactions of ozone with α-
pinene and β-pinene in air: yields of gaseous and particulate products. J. Geophys.
Res. 94, 13013–13024.
Heal, M.R., 2014. The application of carbon-14 analyses to the source apportionment of
atmospheric carbonaceous particulate matter: a review. Anal. Bioanal. Chem. 406,
81–98.
Heald, C.L., Spracklen, D.V., 2009. Atmospheric budget of primary biological aerosol
particles from fungal spores. Geophys. Res. Lett. 36, L09806.
Hellborg, R., Skog, G., 2008. Accelerator mass spectrometry. Mass Spectrom. Rev. 27,
398–427.
Hoﬀmann, T., Odum, J.R., Bowman, F., Collins, D., Klockow, D., Flagan, R.C., Seinfeld,
J.H., 1997. Formation of organic aerosols from the oxidation of biogenic hydro-
carbons. J. Atmos. Chem. 26, 189–222.
Hoﬀmann, T., Bandur, R., Marggraf, U., Linscheid, M., 1998. Molecular composition of
organic aerosols formed in the α-pinene/O3 reaction: implications for new particle
formation processes. J. Geophys. Res. 103, 25569–25578.
Iinuma, Y., Muller, C., Berndt, T., Böge, O., Claeys, M., Herrmann, H., 2007. Evidence for
the existence of organosulfates from beta-pinene ozonolysis in ambient secondary
organic aerosol. Environ. Sci. Technol. 41, 6678–6683.
Iinuma, Y., Böge, O., Keywood, M., Gnauk, T., Herrmann, H., 2008. Diaterebic acid
acetate and diaterpenylic acid acetate: atmospheric tracers for secondary organic
aerosol formation from 1,8-cineole oxidation. Environ. Sci. Technol. 43, 280–285.
Iinuma, Y., Böge, O., Kahnt, A., Herrmann, H., 2009. Laboratory chamber studies on the
formation of organosulfates from reactive uptake of monoterpene oxides. Phys.
Chem. Chem. Phys. 11, 7985–7997.
Jacobson, M.Z., 2001. Strong radiative heating due to the mixing state of black carbon in
atmospheric aerosols. Nature 409, 695–697.
Jedynska, A., Hoek, G., Eeftens, M., Cyrys, J., Keuken, M., Ampe, C., Beelen, R., Cesaroni,
G., Forastiere, F., Cirach, M., de Hoogh, K., De Nazelle, A., Madsen, C., Declercq, C.,
Eriksen, K.T., Katsouyanni, K., Akhlaghi, H.M., Lanki, T., Meliefste, K.,
Nieuwenhuijsen, M., Oldenwening, M., Pennanen, A., Raaschou-Nielsen, O.,
Brunekreef, B., Kooter, I.M., 2014. Spatial variations of PAH, hopanes/steranes and
EC/OC concentrations within and between European study areas. Atmos. Environ.
87, 239–248.
Kawamura, K., Ng, L.L., Kaplan, I.R., 1985. Determination of organic acids (C1-C10) in
the atmosphere, motor exhausts and engine oils. Environ. Sci. Technol. 19,
1082–1086.
Kelly, F.J., Fussell, J.C., 2012. Size, source and chemical composition as determinants of
toxicity attributable to ambient particulate matter. Atmos. Environ. 60, 504–526.
Kleindienst, T.E., Jaoui, M., Lewandowski, M., Oﬀenberg, J.H., Lewis, C.W., Bhave, P.V.,
Edney, E.O., 2007. Estimates of the contributions of biogenic and anthropogenic
hydrocarbons to secondary organic aerosol at a southeastern US location. Atmos.
Environ. 41, 8288–8300.
M. Glasius et al. Atmospheric Environment 173 (2018) 127–141
139
Kourtchev, I., Warnke, J., Maenhaut, W., Hoﬀmann, T., Claeys, M., 2008. Polar organic
marker compounds in PM2.5 aerosol from a mixed forest site in western Germany.
Chemosphere 73, 1308–1314.
Kourtchev, I., Copolovici, L., Claeys, M., Maenhaut, W., 2009. Characterization of at-
mospheric aerosols at a forested site in Central Europe. Environ. Sci. Technol. 43,
4665–4671.
Kristensen, K., Glasius, M., 2011. Organosulfates and oxidation products from biogenic
hydrocarbons in ﬁne aerosols from a forest in North West Europe during spring.
Atmos. Environ. 45, 4546–4556.
Kristensson, A., Dal Maso, M., Swietlicki, E., Hussein, T., Zhou, J., Kerminen, V.M.,
Kulmala, M., 2008. Characterization of new particle formation events at a back-
ground site in Southern Sweden: relation to air mass history. Tellus B 60, 330–344.
Kroll, J.H., Seinfeld, J.H., 2008. Chemistry of secondary organic aerosol: formation and
evolution of low-volatility organics in the atmosphere. Atmos. Environ. 42,
3593–3624.
Kulmala, M., Asmi, A., Lappalainen, H.K., Baltensperger, U., Brenguier, J.L., Facchini,
M.C., Hansson, H.C., Hov, Ø., O'Dowd, C.D., Pöschl, U., Wiedensohler, A., Boers, R.,
Boucher, O., de Leeuw, G., Denier van der Gon, H.A.C., Feichter, J., Krejci, R., Laj, P.,
Lihavainen, H., Lohmann, U., McFiggans, G., Mentel, T., Pilinis, C., Riipinen, I.,
Schulz, M., Stohl, A., Swietlicki, E., Vignati, E., Alves, C., Amann, M., Ammann, M.,
Arabas, S., Artaxo, P., Baars, H., Beddows, D.C.S., Bergström, R., Beukes, J.P., Bilde,
M., Burkhart, J.F., Canonaco, F., Clegg, S.L., Coe, H., Crumeyrolle, S., D'Anna, B.,
Decesari, S., Gilardoni, S., Fischer, M., Fjaeraa, A.M., Fountoukis, C., George, C.,
Gomes, L., Halloran, P., Hamburger, T., Harrison, R.M., Herrmann, H., Hoﬀmann, T.,
Hoose, C., Hu, M., Hyvärinen, A., Hõrrak, U., Iinuma, Y., Iversen, T., Josipovic, M.,
Kanakidou, M., Kiendler-Scharr, A., Kirkevåg, A., Kiss, G., Klimont, Z., Kolmonen, P.,
Komppula, M., Kristjánsson, J.E., Laakso, L., Laaksonen, A., Labonnote, L., Lanz, V.A.,
Lehtinen, K.E.J., Rizzo, L.V., Makkonen, R., Manninen, H.E., McMeeking, G.,
Merikanto, J., Minikin, A., Mirme, S., Morgan, W.T., Nemitz, E., O'Donnell, D.,
Panwar, T.S., Pawlowska, H., Petzold, A., Pienaar, J.J., Pio, C., Plass-Duelmer, C.,
Prévôt, A.S.H., Pryor, S., Reddington, C.L., Roberts, G., Rosenfeld, D., Schwarz, J.,
Seland, Ø., Sellegri, K., Shen, X.J., Shiraiwa, M., Siebert, H., Sierau, B., Simpson, D.,
Sun, J.Y., Topping, D., Tunved, P., Vaattovaara, P., Vakkari, V., Veefkind, J.P.,
Visschedijk, A., Vuollekoski, H., Vuolo, R., Wehner, B., Wildt, J., Woodward, S.,
Worsnop, D.R., van Zadelhoﬀ, G.J., Zardini, A.A., Zhang, K., van Zyl, P.G., Kerminen,
V.M., Carslaw, K.S., Pandis, S.N., 2011. General overview: European Integrated
project on Aerosol Cloud Climate and Air Quality interactions (EUCAARI) - in-
tegrating aerosol research from nano to global scales. Atmos. Chem. Phys. 11,
13061–13143.
Kunit, M., Puxbaum, H., 1996. Enzymatic determination of the cellulose content of at-
mospheric aerosols. Atmos. Environ. 30, 1233–1236.
Lewandowski, M., Jaoui, M., Oﬀenberg, J.H., Kleindienst, T.E., Edney, E.O., Sheesley,
R.J., Schauer, J.J., 2008. Primary and secondary contributions to ambient PM in the
Midwestern United States. Environ. Sci. Technol. 42, 3303–3309.
Maenhaut, W., Vermeylen, R., Claeys, M., Vercauteren, J., Matheeussen, C., Roekens, E.,
2012. Assessment of the contribution from wood burning to the PM10 aerosol in
Flanders. Belg. Sci. Total Environ. 437, 226–236.
Maenhaut, W., Vermeylen, R., Claeys, M., Vercauteren, J., Roekens, E., 2016. Sources of
the PM10 aerosol in Flanders, Belgium, and re-assessment of the contribution from
wood burning. Sci. Total Environ. 562, 550–560.
Martinsson, J., Monteil, G., Sporre, M.K., Kaldal Hansen, A.M., Kristensson, A., Eriksson
Stenström, K., Swietlicki, E., Glasius, M., 2017a. Exploring sources of biogenic sec-
ondary organic aerosol compounds using chemical analysis and the FLEXPART
model. Atmos. Chem. Phys. 17, 11025–11040. https://doi.org/10.5194/acp-
2017-90.
Martinsson, J., Abdul Azeem, H., Sporre, M.K., Bergström, R., Ahlberg, E., Öström, E.,
Kristensson, A., Swietlicki, E., Eriksson Stenström, K., 2017b. Carbonaceous aerosol
source apportionment using the Aethalometer model – evaluation by radiocarbon and
levoglucosan analysis at a rural background site in southern Sweden. Atmos. Chem.
Phys. 17, 4265–4281.
Medeiros, P.M., Conte, M.H., Weber, J.C., Simoneit, B.R.T., 2006. Sugars as source in-
dicators of biogenic organic carbon in aerosols collected above the Howland
Experimental Forest, Maine. Atmos. Environ. 40, 1694–1705.
Mochida, M., Kawamura, K., Umemoto, N., Kobayashi, M., Matsunaga, S., Lim, H.J.,
Turpin, B.J., Bates, T.S., Simoneit, B.R.T., 2003. Spatial distributions of oxygenated
organic compounds (dicarboxylic acids, fatty acids, and levoglucosan) in marine
aerosols over the western Paciﬁc and oﬀ the coast of East Asia: continental outﬂow of
organic aerosols during the ACE-Asia campaign. J. Geophys. Res. 108, 2156–2202.
Müller, L., Reinnig, M.C., Naumann, K.H., Saathoﬀ, H., Mentel, T.F., Donahue, N.M.,
Hoﬀmann, T., 2012. Formation of 3-methyl-1,2,3-butanetricarboxylic acid via gas
phase oxidation of pinonic acid - a mass spectrometric study of SOA aging. Atmos.
Chem. Phys. 12, 1483–1496.
Myriokefalitakis, S., Vrekoussis, M., Tsigaridis, K., Wittrock, F., Richter, A., Bruhl, C.,
Volkamer, R., Burrows, J.P., Kanakidou, M., 2008. The inﬂuence of natural and an-
thropogenic secondary sources on the glyoxal global distribution. Atmos. Chem.
Phys. 8, 4965–4981.
Nguyen, Q.T., Christensen, M.K., Cozzi, F., Zare, A., Hansen, A.M.K., Kristensen, K.,
Tulinius, T.E., Madsen, H.H., Christensen, J.H., Brandt, J., Massling, A., Nojgaard,
J.K., Glasius, M., 2014. Understanding the anthropogenic inﬂuence on formation of
biogenic secondary organic aerosols in Denmark via analysis of organosulfates and
related oxidation products. Atmos. Chem. Phys. 14, 8961–8981.
Nguyen, T.B., Lee, P.B., Updyke, K.M., Bones, D.L., Laskin, J., Laskin, A., Nizkorodov,
S.A., 2012. Formation of nitrogen- and sulfur-containing light-absorbing compounds
accelerated by evaporation of water from secondary organic aerosols. J. Geophys.
Res. A 117, D01207.
Nozière, B., Kalberer, M., Claeys, M., Allan, J., D'Anna, B., Decesari, S., Finessi, E.,
Glasius, M., Grgić, I., Hamilton, J.F., Hoﬀmann, T., Iinuma, Y., Jaoui, M., Kahnt, A.,
Kampf, C.J., Kourtchev, I., Maenhaut, W., Marsden, N., Saarikoski, S., Schnelle-Kreis,
J., Surratt, J.D., Szidat, S., Szmigielski, R., Wisthaler, A., 2015. The molecular
identiﬁcation of organic compounds in the atmosphere: state of the art and chal-
lenges. Chem. Rev. 115, 3919–3983.
Olson, C.N., Galloway, M.M., Yu, G., Hedman, C.J., Lockett, M.R., Yoon, T., Stone, E.A.,
Smith, L.M., Keutsch, F.N., 2011. Hydroxycarboxylic acid-derived organosulfates:
synthesis, stability, and quantiﬁcation in ambient aerosol. Environ. Sci. Technol. 45,
6468–6474.
Pashynska, V., Vermeylen, R., Vas, G., Maenhaut, W., Claeys, M., 2002. Development of a
gas chromatographic/ion trap mass spectrometric method for the determination of
levoglucosan and saccharidic compounds in atmospheric aerosols. Application to
urban aerosols. J. Mass Spectrom. 37, 1249–1257.
Pio, C.A., Legrand, M., Alves, C.A., Oliveira, T., Afonso, J., Caseiro, A., Puxbaum, H.,
Sanchez-Ochoa, A., Gelencsér, A., 2008. Chemical composition of atmospheric
aerosols during the 2003 summer intense forest ﬁre period. Atmos. Environ. 42,
7530–7543.
Puxbaum, H., Tenze-Kunit, M., 2003. Size distribution and seasonal variation of atmo-
spheric cellulose. Atmos. Environ. 37, 3693–3699.
Puxbaum, H., Caseiro, A., Sanchez-Ochoa, A., Kasper-Giebl, A., Claeys, M., Gelencsér, A.,
Legrand, M., Preunkert, S., Pio, C., 2007. Levoglucosan levels at background sites in
Europe for assessing the impact of biomass combustion on the European aerosol
background. J. Geophys. Res. A 112, D23S05.
Rasmussen, J., Gjettermann, B., Eriksen, J., Jensen, E.S., Hogh-Jensen, H., 2008. Fate of
15N and 14C from labelled plant material: recovery in perennial ryegrass-clover
mixtures and in pore water of the sward. Soil Biol. Biochem. 40, 3031–3039.
Reimer, P.J., Brown, T.A., Reimer, R.W., 2004. Discussion: reporting and calibration of
post-bomb C-14 data. Radiocarbon 46, 1299–1304.
Riva, M., Tomaz, S., Cui, T., Lin, Y.-H., Perraudin, E., Gold, A., Stone, E.A., Villenave, E.,
Surratt, J.D., 2015. Evidence for an unrecognized secondary anthropogenic source of
organosulfates and sulfonates: gas-phase oxidation of polycyclic aromatic hydro-
carbons in the presence of sulfate aerosol. Environ. Sci. Technol. 49, 6654–6664.
Riva, M., Bell, D.M., Hansen, A.-M.K., Drozd, G.T., Zhang, Z., Gold, A., Imre, D., Surratt,
J.D., Glasius, M., Zelenyuk, A., 2016a. Eﬀect of organic coatings, humidity and
aerosol acidity on multiphase chemistry of isoprene epoxydiols. Environ. Sci.
Technol. 50, 5580–5588.
Riva, M., Da Silva Barbosa, T., Lin, Y.H., Stone, E.A., Gold, A., Surratt, J.D., 2016b.
Chemical characterization of organosulfates in secondary organic aerosol derived
from the photooxidation of alkanes. Atmos. Chem. Phys. 16, 11001–11018.
Robinson, A.L., Donahue, N.M., Shrivastava, M.K., Weitkamp, E.A., Sage, A.M., Grieshop,
A.P., Lane, T.E., Pierce, J.R., Pandis, S.N., 2007. Rethinking organic aerosols: semi-
volatile emissions and photochemical aging. Science 315, 1259–1262.
Rogge, W.F., Hildemann, L.M., Mazurek, M.A., Cass, G.R., Simonelt, B.R.T., 1991. Sources
of ﬁne organic aerosol. 1. Charbroilers and meat cooking operations. Environ. Sci.
Technol. 25, 1112–1125.
Rogge, W.F., Hildemann, L.M., Mazurek, M.A., Cass, G.R., Simoneit, B.R., 1993. Sources
of ﬁne organic aerosol. 2. Noncatalyst and catalyst-equipped automobiles and heavy-
duty diesel trucks. Environ. Sci. Technol. 27, 636–651.
Saarikoski, S., Timonen, H., Saarnio, K., Aurela, M., Jarvi, L., Keronen, P., Kerminen,
V.M., Hillamo, R., 2008. Sources of organic carbon in ﬁne particulate matter in
northern European urban air. Atmos. Chem. Phys. 8, 6281–6295.
Samset, B.H., Myhre, G., Herber, A., Kondo, Y., Li, S.M., Moteki, N., Koike, M., Oshima,
N., Schwarz, J.P., Balkanski, Y., Bauer, S.E., Bellouin, N., Berntsen, T.K., Bian, H.,
Chin, M., Diehl, T., Easter, R.C., Ghan, S.J., Iversen, T., Kirkevåg, A., Lamarque, J.F.,
Lin, G., Liu, X., Penner, J.E., Schulz, M., Seland, Ø., Skeie, R.B., Stier, P., Takemura,
T., Tsigaridis, K., Zhang, K., 2014. Modelled black carbon radiative forcing and at-
mospheric lifetime in AeroCom Phase II constrained by aircraft observations. Atmos.
Chem. Phys. 14, 12465–12477.
Sánchez-Ochoa, A., Kasper-Giebl, A., Puxbaum, H., Gelencsér, A., Legrand, M., Pio, C.,
2007. Concentration of atmospheric cellulose: a proxy for plant debris across a west-
east transect over Europe. J. Geophys. Res. 112, D23S08.
Schindelka, J., Iinuma, Y., Hoﬀmann, D., Herrmann, H., 2013. Sulfate radical-initiated
formation of isoprene-derived organosulfates in atmospheric aerosols. Faraday
Discuss. 165, 237–259.
Schnaiter, M., Schmid, O., Petzold, A., Fritzsche, L., Klein, K.F., Andreae, M.O., Helas, G.,
Thielmann, A., Gimmler, M., Mohler, O., Linke, C., Schurath, U., 2005. Measurement
of wavelength-resolved light absorption by aerosols utilizing a UV-VIS extinction cell.
Aerosol Sci. Technol. 39, 249–260.
Shalamzari, M.S., Ryabtsova, O., Kahnt, A., Vermeylen, R., Hérent, M.-F., Quetin-
Leclercq, J., Van der Veken, P., Maenhaut, W., Claeys, M., 2013. Mass spectrometric
characterization of organosulfates related to secondary organic aerosol from iso-
prene. Rapid Commun. Mass Spectrom. 27, 784–794.
Shalamzari, M.S., Kahnt, A., Vermeylen, R., Kleindienst, T.E., Lewandowski, M.,
Cuyckens, F., Maenhaut, W., Claeys, M., 2014. Characterization of polar organo-
sulfates in secondary organic aerosol from the green leaf volatile 3-Z-hexenal.
Environ. Sci. Technol. 48, 12671–12678.
Simoneit, B.R.T., Schauer, J.J., Nolte, C.G., Oros, D.R., Elias, V.O., Fraser, M.P., Rogge,
W.F., Cass, G.R., 1999. Levoglucosan, a tracer for cellulose in biomass burning and
atmospheric particles. Atmos. Environ. 33, 173–182.
Simpson, D., Yttri, K.E., Klimont, Z., Kupiainen, K., Caseiro, A., Gelencsér, A., Pio, C.,
Puxbaum, H., Legrand, M., 2007. Modeling carbonaceous aerosol over Europe: ana-
lysis of the CARBOSOL and EMEP EC/OC campaigns. J. Geophys. Res. 112, D23S14.
Skog, G., 2007. The single stage AMS machine at Lund University: status report. Nucl.
Instrum. Methods Phys. Res. B 259, 1–6.
Skog, G., Rundgren, M., Skold, P., 2010. Status of the single stage AMS machine at Lund
university after 4 years of operation. Nucl. Instrum. Methods Phys. Res. B 268,
M. Glasius et al. Atmospheric Environment 173 (2018) 127–141
140
895–897.
Schmidl, C., Marr, I.L., Caseiro, A., Kotianová, P., Berner, A., Bauer, H., et al., 2008.
Chemical characterisation of ﬁne particle emissions from wood stove combustion of
common woods growing in mid-European Alpine regions. Atmos. Environ. 42,
126–141.
Spindler, G., Bruggemann, E., Gnauk, T., Gruner, A., Muller, K., Herrmann, H., 2010. A
four-year size-segregated characterization study of particles PM10, PM2.5 and PM1
depending on air mass origin at Melpitz. Atmos. Environ. 44, 164–173.
Spindler, G., Gruner, A., Muller, K., Schlimper, S., Herrmann, H., 2013. Long-term size-
segregated particle (PM10, PM2.5, PM1) characterization study at Melpitz - inﬂuence
of air mass inﬂow, weather conditions and season. J. Atmos. Chem. 70, 165–195.
IPCC, 2013: climate change 2013: the physical science basis. M.P.M In: Stocker, T.F., Qin,
D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V.
(Eds.), Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.
Stohl, A., Wotawa, G., Seibert, P., Kromp-Kolb, H., 1995. Interpolation errors in wind
ﬁelds as a function of spatial and temporal resolution and their impact on diﬀerent
types of kinematic trajectories. J. Appl. Meteorology 34, 2149–2165.
Stohl, A., Seibert, P., 1998. Accuracy of trajectories as determined from the conservation
of meteorological tracers. Q. J. R. Meteorological Soc. 124, 1465–1484.
Surratt, J.D., Murphy, S.M., Kroll, J.H., Ng, N.L., Hildebrandt, L., Sorooshian, A.,
Szmigielski, R., Vermeylen, R., Maenhaut, W., Claeys, M., Flagan, R.C., Seinfeld, J.H.,
2006. Chemical composition of secondary organic aerosol formed from the photo-
oxidation of isoprene. J. Phys. Chem. A 110, 9665–9690.
Surratt, J.D., Kroll, J.H., Kleindienst, T.E., Edney, E.O., Claeys, M., Sorooshian, A., Ng,
N.L., Oﬀenberg, J.H., Lewandowski, M., Jaoui, M., Flagan, R.C., Seinfeld, J.H., 2007.
Evidence for organosulfates in secondary organic aerosol. Environ. Sci. Technol. 41,
517–527.
Surratt, J.D., Gomez-Gonzalez, Y., Chan, A.W.H., Vermeylen, R., Shahgholi, M.,
Kleindienst, T.E., Edney, E.O., Oﬀenberg, J.H., Lewandowski, M., Jaoui, M.,
Maenhaut, W., Claeys, M., Flagan, R.C., Seinfeld, J.H., 2008. Organosulfate formation
in biogenic secondary organic aerosol. J. Phys. Chem. A 112, 8345–8378.
Surratt, J.D., Chan, A.W.H., Eddingsaas, N.C., Chan, M., Loza, C.L., Kwan, A.J., Hersey,
S.P., Flagan, R.C., Wennberg, P.O., Seinfeld, J.H., 2010. Reactive intermediates re-
vealed in secondary organic aerosol formation from isoprene. PNAS 107, 6640–6645.
Szidat, S., Prévot, A.S.H., Sandradewi, J., Alfarra, M.R., Synal, H.A., Wacker, L.,
Baltensperger, U., 2007. Dominant impact of residential wood burning on particulate
matter in Alpine valleys during winter. Geophys. Res. Lett. 34, L05820.
Szidat, S., Ruﬀ, M., Perron, N., Wacker, L., Synal, H.A., Hallquist, M., Shannigrahi, A.S.,
Yttri, K.E., Dye, C., Simpson, D., 2009. Fossil and non-fossil sources of organic carbon
(OC) and elemental carbon (EC) in Göteborg. Swed. Atmos. Chem. Phys. 9,
1521–1535.
Szmigielski, R., Surratt, J.D., Gomez-Gonzalez, Y., Van der Veken, P., Kourtchev, I.,
Vermeylen, R., Blockhuys, F., Jaoui, M., Kleindienst, T.E., Lewandowski, M.,
Oﬀenberg, J.H., Edney, E.O., Seinfeld, J.H., Maenhaut, W., Claeys, M., 2007. 3-me-
thyl-1,2,3-butanetricarboxylic acid: an atmospheric tracer for terpene secondary or-
ganic aerosol. Geophys. Res. Lett. 34, L24811.
WHO, 2013. Health Eﬀects of Particulate Matter. Policy Implications for Countries in
Eastern Europe, Caucasus and Central Asia. World Health Organization Regional
Oﬃce for Europe, Copenhagen, Denmark, pp. 15.
Yttri, K.E., Dye, C., Slordal, L.H., Braathen, O.A., 2005. Quantiﬁcation of monosaccharide
anhydrides by liquid chromatography combined with mass spectrometry: application
to aerosol samples from an urban and a suburban site inﬂuenced by small-scale wood
burning. J. Air Waste Manage. Assoc. 55, 1169–1177.
Yttri, K.E., Aas, W., Bjerke, A., Cape, J.N., Cavalli, F., Ceburnis, D., Dye, C., Emblico, L.,
Facchini, M.C., Forster, C., Hanssen, J.E., Hansson, H.C., Jennings, S.G., Maenhaut,
W., Putaud, J.P., Torseth, K., 2007a. Elemental and organic carbon in PM10: a one
year measurement campaign within the European Monitoring and Evaluation
Programme EMEP. Atmos. Chem. Phys. 7, 5711–5725.
Yttri, K.E., Dye, C., Kiss, G., 2007b. Ambient aerosol concentrations of sugars and sugar-
alcohols at four diﬀerent sites in Norway. Atmos. Chem. Phys. 7, 4267–4279.
Yttri, K.E., Dye, C., Braathen, O.A., Simpson, D., Steinnes, E., 2009. Carbonaceous aero-
sols in Norwegian urban areas. Atmos. Chem. Phys. 9, 2007–2020.
Yttri, K.E., Simpson, D., Nojgaard, J.K., Kristensen, K., Genberg, J., Stenstrom, K.,
Swietlicki, E., Hillamo, R., Aurela, M., Bauer, H., Oﬀenberg, J.H., Jaoui, M., Dye, C.,
Eckhardt, S., Burkhart, J.F., Stohl, A., Glasius, M., 2011a. Source apportionment of
the summer time carbonaceous aerosol at Nordic rural background sites. Atmos.
Chem. Phys. 11, 13339–13357.
Yttri, K.E., Simpson, D., Stenstrom, K., Puxbaum, H., Svendby, T., 2011b. Source ap-
portionment of the carbonaceous aerosol in Norway - quantitative estimates based on
C-14, thermal-optical and organic tracer analysis. Atmos. Chem. Phys. 11,
9375–9394.
Yttri, K.E., Myhre, C.L., Eckhardt, S., Fiebig, M., Dye, C., Hirdman, D., Strom, J., Klimont,
Z., Stohl, A., 2014. Quantifying black carbon from biomass burning by means of
levoglucosan - a one-year time series at the Arctic observatory Zeppelin. Atmos.
Chem. Phys. 14, 6427–6442.
Zhang, H., Lin, Y.-H., Zhang, Z., Zhang, X., Shaw, S.L., Knipping, E.M., Weber, R.J., Gold,
A., Kamens, R.M., Surratt, J.D., 2012a. Secondary organic aerosol formation from
methacrolein photooxidation: roles of NOx level, relative humidity and aerosol
acidity. Environ. Chem. 9, 247–262.
Zhang, H., Worton, D.R., Lewandowski, M., Ortega, J., Rubitschun, C.L., Park, J.-H.,
Kristensen, K., Campuzano-Jost, P., Day, D.A., Jimenez, J.L., Jaoui, M., Oﬀenberg,
J.H., Kleindienst, T.E., Gilman, J., Kuster, W.C., de Gouw, J., Park, C., Schade, G.W.,
Frossard, A.A., Russell, L., Kaser, L., Jud, W., Hansel, A., Cappellin, L., Karl, T.,
Glasius, M., Guenther, A., Goldstein, A.H., Seinfeld, J.H., Gold, A., Kamens, R.M.,
Surratt, J.D., 2012b. Organosulfates as tracers for secondary organic aerosol (SOA)
formation from 2-methyl-3-buten-2-ol (MBO) in the atmosphere. Environ. Sci.
Technol. 46, 9437–9446.
Zhang, Y.L., Perron, N., Ciobanu, V.G., Zotter, P., Minguillon, M.C., Wacker, L., Prevot,
A.S.H., Baltensperger, U., Szidat, S., 2012c. On the isolation of OC and EC and the
optimal strategy of radiocarbon-based source apportionment of carbonaceous aero-
sols. Atmos. Chem. Phys. 12, 10841–10856.
Zhang, Y.Y., Möller, L., Winterhalter, R., Moortgat, G.K., Hoﬀmann, T., Pöschl, U., 2010.
Seasonal cycle and temperature dependence of pinene oxidation products, di-
carboxylic acids and nitrophenols in ﬁne and coarse air particulate matter. Atmos.
Chem. Phys. 10, 7859–7873.
Zotter, P., Ciobanu, V.G., Zhang, Y.L., El-Haddad, I., Macchia, M., Daellenbach, K.R.,
Salazar, G.A., Huang, R.J., Wacker, L., Hueglin, C., Piazzalunga, A., Fermo, P.,
Schwikowski, M., Baltensperger, U., Szidat, S., Prevot, A.S.H., 2014. Radiocarbon
analysis of elemental and organic carbon in Switzerland during winter-smog episodes
from 2008 to 2012-Part 1: source apportionment and spatial variability. Atmos.
Chem. Phys. 14, 13551–13570.
M. Glasius et al. Atmospheric Environment 173 (2018) 127–141
141
